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ABSTRACT

n aircraft noise modeling framework is presented and used to perform a data-driven

exploration of factors correlating with measured aircraft community noise and a
model-based validation of the variables found to have the greatest noise impact.
Aggregate departure and arrival noise and flight procedures were examined so that
factors correlating with measured noise could be isolated. Operational flights at Seattle-
Tacoma International Airport were examined using a framework that includes ADS-B
data, a force balance kinematics model to estimate aircraft performance, and noise
monitor recordings. Variation in measured noise within the network was examined as a
function of observed data, including aircraft type, aircraft trajectory, airline, wind,
temperature, and relative humidity; and inferred variables, including aircraft
configuration, weight, and thrust. Airline-specific departure procedures were shown to
impact noise measurements. Departure procedures with higher thrust and higher initial
climb gradients were observed to have lower measured noise. Arrival procedures that
delayed their deceleration were observed to have lower measured noise in some cases.
Ambient environmental conditions, including wind, temperature, and relative humidity,
were found to impact noise variation. A model-based evaluation of the factors correlating
with aircraft noise followed the data-driven exploration. The delayed deceleration
approach, a procedure in which aircraft maintain higher speeds, remain cleanly
configured, and fly with lower thrust levels for a longer period of time, was identified as
having noise reduction potential beyond 8 nm from the airport. Noise from operational
Boeing 737, Airbus A320, and Embraer E190 flights at Boston Logan and Seattle
Tacoma airports was modeled using the NASA Airplane Noise Prediction Program and
was compared with ground noise monitor measurements. When corrected for
atmospheric conditions, modeled noise results were consistent with noise monitor
readings under reasonable flap deployment assumptions during various early,
intermediate, and delayed deceleration approach procedures. Measured noise results
indicated that compared to aircraft that decelerated early, aircraft performing delayed

deceleration approaches reduced noise by an average of 3-6 dB across different aircraft

types.
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Chapter 1

Introduction

1.1 The Aircraft Community Noise Problem

Noise due to aircraft departures and arrivals is a significant environmental impact
of commercial aviation. Mitigating noise exposure is a key sustainability objective
within the aviation industry and will grow in significance as a larger portion of the
global population begins to fly. There are two primary strategies to reducing airplane
noise. One is to develop quieter aircraft and engines. However, it will take decades
for quieter aircraft to replace existing louder aircraft operating within the global
fleet. The second strategy is to implement noise abatement procedures, which are
operational procedures designed to reduce the community noise impact of departing
and arriving aircraft. The advantage of noise abatement procedures is that they can
be flown by aircraft already operating around the world. Therefore, noise abatement
procedures will likely have a more immediate community noise reduction impact than

new aircraft or engines.

1.2 Thesis Objective

This thesis took a data-driven approach to identifying the factors that correlate with
aircraft noise to determine the factors that influence community noise. These find-

ings may be useful in developing new noise abatement flight procedures. Aggregate
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departure and arrival flight procedures, and their corresponding noise measurements,
were examined so that factors that correlate with measured noise could be isolated.
Operational flights at Seattle-Tacoma International Airport were examined using a
framework that includes ADS-B data, a force balance kinematics model to estimate
aircraft performance, and noise monitor recordings from the Port of Seattle Aircraft
Noise Monitoring System. Variation in measured departure and arrival noise at var-
ious monitors was examined as a function of observed data, including aircraft type,
aircraft trajectory, airline, wind, temperature, and relative humidity; and inferred
variables, including aircraft configuration, weight, and thrust. For departures, alti-
tude was shown to have the strongest effect on community noise exposure. Airline-
specific departure procedures were shown to impact noise measurements. Departure
procedures with higher thrust and higher initial climb gradients were observed to have
lower measured noise. For arrivals, aircraft that delayed their deceleration to the final
approach speed were observed to have lower measured noise. This finding was con-
sistent with previous assessments of the delayed deceleration approach [17|. Aircraft
weight was also found to correlate with measured noise for both departures and ar-
rivals. Ambient environmental conditions, including wind, temperature, and relative
humidity, were found to impact noise variation for both departures and arrivals.
Once the factors correlating with noise were identified, a model-based approach
to validating advanced operational flight procedures designed to reduce community
noise exposure was taken. Delayed-deceleration approaches were identified as having
potential to reduce noise due to arriving aircraft and were modeled using a framework
that used the NASA Airplane Noise Prediction Program (ANOPP), a component-
based aircraft noise model. The impacts of aircraft weight and relative humidity
were also modeled since they impact both departure and arrival noise. Current noise

models do not include the impacts of wind on noise, so this impact was not modeled.

In summary, the thesis objective was to:

e Present a framework to model aircraft noise using open-source surveillance data,

source component-based models, and aircraft performance parameters.

18



e Perform a data-based exploration of the various factors that correlate with

departure and arrival noise.

e Perform a model-based validation of the factors identified in the data-based

exploration using the aircraft noise modeling framework.
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Chapter 2

Aircraft Noise Sources, Metrics,
Models, and Noise Abatement

Procedures

2.1 Sources of Aircraft Noise

Aircraft noise can be categorized into two primary categories, each with its own sub-
categories. The two main categories are airframe noise and engine noise.

Airframe noise refers to the noise generated by an aerodynamic body moving
through a fluid, causing the flow to become turbulent. Noise arises from this turbulent
flow and is an energy loss. Airframe noise typically occurs in areas where there
are sharp geometry changes or where non-aerodynamic bodies are exposed to the

oncoming free-stream flow. Sources of airframe noise include:

e Landing Gear, whose cylindrical struts, linkages, exposed wires, and tires lead

to periodic vortex shedding and represent a dissipation of energy;

e Slats, designed to increase the stall angle of attack by changing the geometry
of the wing leading edge;

e Flaps, which increase lift coefficient at a given angle of attack by increasing

21



wing camber (and for most jet transport category aircraft, wing area), increasing
airframe noise. Flaps may be slotted to further increase lift coefficient, which

may further increase noise; and

e Wing and Tail Trailing Edge, where turbulent boundary layers on the top

and bottom surfaces of the mix and interact with the surrounding flow [§].

Engine noise depends on the type of engine architecture. Turbofan engines are
assumed in this thesis, but noise due to open-rotor turboprop engines remains an
active area of research given the potential fuel-burn reduction from aircraft with

higher bypass-ratio engines. Sources of turbofan engine noise include:

e Fan Noise, where shocks form due to supersonic tip mach numbers and tur-

bulent flow interacts with fan blades and stator vanes;

e Core Noise, which refers to the noise due to the high-pressure and low-pressure
compressors, combustor, and turbine, in addition to the noise from air combust-

ing within the core; and

e Jet Noise, which refers to turbulent, high-speed flow exiting the compressor

and mixing with the slower ambient fluid or bypass stream

While each component of engine and airframe noise contributes to the total aircraft
noise, perceived noise is characterized by a dominant noise source, which refers to the
loudest component. The dominant noise source may vary with flight state, meaning
that in some cases, the engine noise may dominate the airframe noise, and in other
cases, the airframe noise may dominate the engine noise. Engine noise typically
dominates during departure, where the aircraft is in a high-thrust state and slats and
flaps are only partially deployed. Airframe noise typically dominates during arrival,
where the landing gear is exposed to the oncoming flow, flaps and slats are fully (or

almost fully) deployed, and the aircraft is in a low-thrust state.
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2.2 Aircraft Noise Metrics

Noise propagates due to a compression and rarefaction of ambient air molecules [25].
This means that noise can be modeled by a sinusoidal function with characteristic
amplitude and a frequency. Amplitude corresponds to loudness, and frequency to
pitch. Amplitude is measured in decibels and is defined as a ratio of two sound

pressures, and is expressed as the Sound Pressure Level (SPL) in Equation 2.1.

Sound Pressure Level [dB| = 20 log(P;/P») (2.1)

Various noise metrics are defined as functions of sound pressure level. The two

most relevant to this thesis are given below and shown in Figure 2-1.

© Lynax: Lamax is the maximum A-weighted sound pressure level measured
during an overflight event. A-weighting reduces the decibel values of low-
frequency sounds and is applied because the human ear is more sensitive to

high-frequency sounds than to low frequency sounds [20].

e Sound Exposure Level (SEL): SEL is a time-integration of the A-weighted

sound pressure level over all SPL values within 10 dB of Lg aprax.

90 T T T T
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Figure 2-1: Noise Metric Definitions
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2.3 Aircraft Noise Modeling Methodologies

Two common aircraft noise models are Noise-Power Distance (NPD) Models and
Component-Based Models. Noise-Power Distance methods model aircraft noise as
interpolations of airframe and engine noise data produced by manufacturers or ob-
tained during certification flight tests. NPD models assume that airframe and engine
noise correlate with thrust. NPD models are used in the Federal Aviation Adminis-
tration (FAA) Aviation Environmental Design Tool (AEDT) [7] and offer users the
ability obtain quick estimates of aircraft noise. More detailed source component-based
noise models, such as NASA Airplane Noise Prediction Program (ANOPP) [26], use a
combination of physics-based and semi-empirical modules that simulate aircraft noise
based on individual aircraft components. Individual sources of aircraft noise can be
modeled and isolated, and comparisons between various aircraft noise sources can be
made. Source component-based noise models are computationally expensive but offer

much more detailed estimates of aircraft noise than NPD-based methods.

2.4 Noise Abatement Procedures

Noise abatement procedures are an operational means of reducing community noise
exposure due to departing and arriving aircraft. Noise abatement departure pro-
cedures (NADPs) are designed to reduce noise due to aircraft departures. NADP1
and NADP2 were set out by the International Civil Aviation Organization (ICAO)
and were designed to reduce departure noise at varying distances from the airport.
NADP1 is intended to reduce departure noise close to the airport, while NADP2 is
intended to reduce departure noise far from the airport. Aircraft flying NADP1 de-
part at a prescribed takeoff thrust, reduce their thrust at the cutback altitude, retract
flaps, and accelerate to 250 knots. Upon reaching 250 knots, the aircraft climb at
constant airspeed to 10,000 ft. Aircraft flying NADP2 depart at a prescribed take-
off thrust, reduce thrust at the cutback altitude, and climb at V2 + 20 KIAS with

flaps deployed until reaching an altitude of 3000 ft. V2 is the single-engine out climb
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speed calculated prior to departure. At 3000 ft, the aircraft retract flaps, accelerate
to 250 knots, and then climb at constant airspeed until reaching 10000 ft. NADP1
and NADP2 are shown in Figure 2-2.

Altitude [ft]

A

10000_ .............................................................. ,
Flap retraction and ,I
i 2
Thrust Cutback acceleration Q\l‘\ /
(NADP1 and &r/;,'
NADP2) /!

3000 ___,ﬂ .................................. —

Cutback Altitude -

lap retraction and acceleration

Ground Track Distance [nm]

Figure 2-2: Noise Abatement Departure Procedure (NADP) 1 and 2 [22]

The delayed deceleration approach (DDA) has been proposed to reduce commu-
nity noise due to aircraft arrivals far (> 8 nm) from the airport. Delaying deceleration
delays slat and flap deployment to the final approach stabilization point, potentially
reducing airframe noise during the portion of the flight for which the aircraft remains
cleanly configured. There is also potential for aircraft performing DDAs to produce
less engine noise during the portions of the flight where flaps and slats remain re-
tracted. This is because aircraft flying at higher airspeeds in a clean configuration
produce less drag, lowering thrust requirements on approach. The delayed decelera-

tion approach concept is illustrated in Figure 2-3.
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Figure 2-3: Delayed Deceleration Approach. Figure from [17]
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Chapter 3

Methodology

This chapter presents the framework used to model aircraft performance and noise,
and the sources used to acquire the data used by the framework. Modeling aircraft
performance was required to obtain estimates for aircraft weight and thrust given
assumptions about aircraft landing gear, slat, and flap configuration. Weight and
thrust were used in the data-driven exploration of factors contributing to aircraft
noise as described in Chapter 4, and were also required for the model-based validation

of noise described in Chapter 5.

3.1 Noise Modeling Framework

The noise modeling framework used aircraft surveillance (ASDE-X or ADS-B) data
and weather data to model aircraft performance. Performance estimates from the
framework were used to model noise in the NASA Airplane Noise Prediction Program
[26]. Aircraft groundspeed provided by aircraft surveillance data was converted to true
airspeed using wind data from the NOAA Rapid Refresh numerical weather model
[3]. True airspeed was converted to indicated airspeed using atmospheric pressure
and density. Slat, flap, and landing gear configuration assumptions were made based
on indicated airspeed for both departures and arrivals. Configuration assumptions
are detailed in Chapter 4. True airspeed was used in combination with lift and drag

coeflicients from Eurocontrol Base of Aircraft Data (BADA) [16] to estimate weight
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and thrust. Thrust estimates were fed into TASOPT (Transport Aircraft System
OPTimization) [4] to obtain internal engine states. Internal engine states and aircraft
geometry were fed into NASA ANOPP, which provided noise estimates at the monitor
locations of interest. Modeled noise was compared to SEL measurements taken by
noise monitors. A summary of the framework defined in this section follows in Figure

3-1.

= Indicated Airspeed—Assumed Flap/Slat Schedule
Operational
ASDE-X or ;
. Aircraft Performance
ADS-B Data True Airspeed Flight Profile | D29
Altitude BADA  Aircraft
v Velocity Technical
Weather Weight ————{ Configuration TASOPT Drawings
Data | ‘
Noise Calculated Internal Airframe
Thrust Engine States
Monitor Data g Geometry
B ANOPP
Engine Airframe
Source Noise Source Noise

{ Atmospheric Absorption

Modeled Noise at Monitor Locations

l

Compare to Noise Monitor Data

Figure 3-1: Aircraft Performance and Noise Modeling Framework used for the Data-
Driven Exploration and Model-Based Validation of Factors Correlating with Aircraft
Noise

3.2 Data Sources

3.2.1 Noise Monitor Data

Noise monitor data from the Port of Seattle Noise Monitoring System was used to
obtain flyover noise measured in SEL for aircraft departing and arriving from Seattle.

The Port of Seattle Noise Monitoring System is shown in Figure 3-2.
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Figure 3-2: Port of Seattle Noise Monitoring System

Noise data measured in SEL from monitors placed along the flight path to the
RNAV 22L approach at Boston Logan International Airport was used to examine ar-
rival noise at Boston. The monitors examined at Boston Logan International Airport

are shown in Figure 3-3.

W4 Noise Monitor A

. ’
Rwy 22 ™ -
RNAV Path

Figure 3-3: Boston Logan International Airport Noise Monitor Network. Monitor
examined are shown in red
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3.2.2 Aircraft Data

Aircraft Trajectory and Operator Data

ASDE-X Data was used to obtain aircraft data at Boston including aircraft type,
aircraft operator, altitude, lateral position, and groundspeed. ADS-B Data from the

OpenSky Network [19] was used to obtain aircraft the same data at Seattle.

Aircraft Performance Data

The Eurocontrol Base of Aircraft Data (BADA), a database of performance param-
eters from commercial aircraft manufacturers [16]|, was used to obtain drag data for
the aircraft examined in Chapters 4 and 5. Drag data was used to calculate thrust

for each aircraft type.

3.2.3 Weather Data

Weather data including wind, temperature, and relative humidity was obtained from
NOAA Rapid Refresh (RAP) [3]. NOAA Rapid Refresh is a grid-based numerical
model updated hourly, with grid points placed laterally every 13 nautical miles across
the Continental United States. Data was reported as a function of altitude, lateral
position, and time of flight. The grid point closest to the noise monitor being ex-
amined was used to obtain weather data. For the data-driven exploration of factors
correlating with noise, all weather data except relative humidity was averaged be-
tween the surface and the aircraft altitude. Relative humidity was averaged between
the surface and 1000 ft above field elevation. For the model-based validation, weather
data was interpolated in altitude. This allowed weather data at each lateral position,
altitude, and time to be estimated. An example of wind, temperature and relative
humidity at various noise monitor locations at Boston Runway 22L for a sample flight

time is shown in Fig. 3-4.
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Figure 3-4: Example wind speed, temperature, and relative humidity as functions of
altitude

3.3 Aircraft Performance Modeling

3.3.1 Weight Prediction

Departures

Departure weight was modeled as a function of true airspeed and altitude 10 nautical
miles from the runway, which has been shown to correlate with FDR data [18]. This
method was chosen because it allowed departure weight to be modeled using only

surveillance and weather data.

Arrivals

Aircraft weight was estimated from the stable final approach speed from the wind-
corrected surveillance data using the method from [18|. In this method, the true
airspeed on final approach was assumed to be the reference landing speed 1.23Vy.y
in the landing configuration plus a safety factor b, as defined in 14 CFR 25.125.
Weight was inferred using Equation 3.1, where, S is the wing surface area, Cp, paq is
the maximum lift coefficient, and p is the air density. Thrust was modeled based on
this weight estimate and drag from BADA that corresponds to assumed configuration

settings.

2W

Vipproach = 1.23Vgq blkts| =1.23y | ———
" " vl [ S] pSCL,maac

+ blkts] (3.1)

31


https://��[������]=1.23

CL maz Was obtained from BADA and the air density p from NOAA Rapid Refresh.
Figure 3-5 depicts the predicted weights of of 260 Boeing 737-800 and 330 Airbus A320
flights at BOS from November 2015-January 2016. A safety factor b of 7 knots was
used to be consistent with the methodology defined in [18]. Flaps 30 was assumed
for the 737-800, and Flaps Full was assumed for the A320. The predicted weight for
most flights was within the maximum landing weight and operating empty weight of

this aircraft, indicating that the assumption was reasonable.
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Figure 3-5: Predicted weight of Airbus A320s (Flaps Full), Boeing 737-800s (Flaps
30) from final approach velocity at BOS, 2015-2016.

3.3.2 Flight Profile Modeling

Flight profiles were generated for each flight being examined. A flight profile included
aircraft altitude, velocity, configuration, thrust, and lateral position as functions of
time. Altitude and velocity were provided in surveillance data. Landing gear, slat,
and flap configuration for departures and arrivals were inferred for each aircraft.
The specific configuration assumptions for each aircraft are given in Chapters 4 for
both departures and arrivals. Thrust was modeled using a force-balance kinematics
model that calculated thrust based on flight path angle and velocity obtained from
surveillance (ASDE-X/ADS-B) data, and using the drag coefficients from BADA. The

flight profile generation model is summarized in Figure 3-6.
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Figure 3-6: Flight Profile Generation Model. Figure adapted from [22]

3.3.3 Internal Engine State Modeling

TASOPT (Transport Aircraft System OPTimization 2.16) [4] was used to estimate
internal engine states for each aircraft type using thrust estimates. The internal
engine states were required by the engine noise components in NASA ANOPP and
were obtained from a work-balance based, engine component-matching formulation
[14]. TASOPT provides a mapping of the internal engine performance states as a
function of off-design thrusts and velocities given the engine design conditions, such
as bypass ratio, turbine entry temperature and overall pressure ratio. The velocity
and modeled thrust were used to determine the engine states at a given segment in the
flight procedure from the TASOPT engine maps. These engine states, along with the
airframe geometry from publicly available geometry data [13], were inputs to ANOPP
and determined source noise for each flight segment. Finally, the propagation of the
source noise to the desired location on the ground where noise received was assessed

based on a defined atmosphere.
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3.3.4 Noise Modeling

NASA ANOPP was used to model airframe noise, engine noise, and atmospheric
attenuation of noise propagating from the aircraft. NASA ANOPP employs various
modules to model the noise from each component. For this thesis, airframe noise due
to the extension of slats, flaps, and landing gear was modeled by the Boeing Airframe
Noise Model [9] [10], and noise due to the wing and tail trailing edges was modeled
by the Fink Airframe Noise Model [8]. Engine noise due to the turbulent jet exhaust
was modeled using the Stone Jet Noise Model [21], noise due to the engine core was
modeled using the ANOPP Combusion Noise Model [26], and engine fan noise was
modeled using the Heidmann Large Fan Method [12]. Atmospheric attenuation was

modeled using the ANSI S1.26-2014 method |2].
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Chapter 4

Data-Driven Analysis of Community
Departure and Arrival Noise
Exposure Variation Using Seattle

Noise Monitors and operational

ADS-B data

4.1 Motivation

A data-driven exploration of factors that contribute to the variation in noise moni-
tor measurements seen at Seattle-Tacoma International Airport (SEA) is presented
in this chapter. The causes of variation in airport noise monitor network measure-
ments of departing and arriving aircraft remain a source of uncertainty which must
be understood in order to improve existing noise models [15] and develop new noise
abatement procedures. Variation in departure noise was of specific interest because
it was found to be up to 15 dB when aircraft type and departure procedure were held
constant. Understanding the potential contributors to this variation was therefore

the aim of this chapter.
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The variables which potentially contributed to this variation included those that
arose as a result of flight procedures, including operator-specific practices relating to
thrust, airspeed, and configuration management; those that arose as a result of the
environment, including ambient wind, relative humidity, and temperature; and those
that were specific to individual flights, including weight. The Port of Seattle Noise
Monitoring System was chosen for this study because of the extensive placement of
monitors ranging from those at the airport boundary to those further from the airport
than monitors at other airports. Noise monitor recording data for Airbus A320 and
Boeing 737TNG aircraft taken in March and August of 2019 was used for this study.
March and August were chosen to increase the range of measured ambient temper-
ature and relative humidity. Operational ADS-B data from SEA for the same time
periods was taken from the OpenSky Network [19] and was matched with flyovers
triggering noise monitor recordings. Weather data, including wind, relative humidity;,
and temperature, was taken from the NOAA Rapid Refresh numerical weather model
[3] and was treated both as a raw variable potentially impacting monitor recordings
and as a variable in modeling flight performance. The purpose of this study was to
measure how noise measurements may correlate with raw data, but variables not in-
cluded in surveillance data, including weight, thrust, and configuration, were modeled
by necessity.

The impact of both raw and modeled variables on sound exposure level (SEL)
recordings at various monitors throughout the SEA noise monitoring network was
demonstrated. Trends that consistently appeared at monitors at distances varying
between 3-12 nautical miles from SEA were illustrated using data from the network.
Data suggesting that specific airline operational techniques impacted community noise
exposure was shown, and areas for future work and model refinement were identified.
While data that may explain some of the variation in the recordings was presented,
they may not be the only contributors. Future model refinement or analysis using
flight data recorder (FDR) data for multiple flights may help address this ambiguity.
The causes of variation in departure and arrival noise may be used to improve noise

models and contribute to the development of future noise abatement procedures.
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4.2 Departure Noise Data Exploration using Opera-

tional Flights and Ground Noise Measurements

4.2.1 Identification of Variables with Potential Departure Noise

Variation Impact

The parameters investigated were organized into three categories: observed aircraft
data, environmental data, and aircraft performance parameters. Observed aircraft
data included the data that characterized the aircraft type, position, and velocity. En-
vironmental data characterized the ambient wind, temperature, and relative humidity.
Performance parameters included takeoff weight; landing gear, slat and flap configura-
tion; flight path angle; and takeoff thrust. Noise data, measured in Sound Exposure
Level (SEL) at discrete monitor locations and correlated with specific flights, was
provided by the Port of Seattle. The noise, aircraft, and environmental data were
observed, while performance parameters were modeled using observed data. The

parameters investigated in this study are listed in Table 4.1.
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Table 4.1:

Departure Noise Parameters Investigated

Noise Aircraft Environmental Aircraft
Data Data Data Performance
SEL at Aircraft Relative Takeoff
Monitor Locations Type Humidity Weight
Aircraft Northward Aircraft
Operator Wind Configuration
Eastward Takeoff
Altitude
Wind Thrust
Lateral
Temperature
Position
Groundspeed

Flight Path
Angle

4.2.2 Data Sources and Seattle Noise Monitoring Network

Noise Data

Noise data from Seattle Tacoma International Airport, shown in Figure 4-1, was used
for departures. There are three runways. Aircraft departing to the north and arriving

from the south used runways 34L, 34C, and 34R. Aircraft departing to the south and

arriving from the north used runways 16L, 16C, and 16R.
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Figure 4-1: Seattle-Tacoma International Airport Diagram [1]

Noise data from the Port of Seattle Noise Monitoring System was used to obtain
flyover noise measured in SEL. Each flyover was correlated with a specific flight. The
noise monitoring system is shown in Figure 4-2. The south monitors measured noise
from aircraft departing to the south. The north monitors measured noise from aircraft
departing to the north. The six monitors chosen for this study were highlighted green.
These monitors recorded sufficient data for both Airbus A320 and Boeing 737NGs.
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Close, medium-distance, and far monitors were examined because the variation at

each monitor may depend on its proximity to the airport.
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Figure 4-2: Port of Seattle noise monitor network. Monitors analyzed for departures
shown in green

The lateral tracks of departures to the south and north are shown in Figure 4-3 (a)
and (b), respectively. Aircraft departed from all three runways.
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Figure 4-3: Lateral tracks of Seattle departures

Flights were filtered so that only aircraft that flew within a 0.25 nautical mile lateral
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track distance of the monitor being analyzed were considered. This filtering was done

as a means of holding flyover distance approximately constant.

Aircraft Data

ADS-B data from the OpenSky Network [19] was correlated with the flights that gen-
erated noise monitor recordings and was used to obtain data including aircraft type,
aircraft operator, altitude, lateral position, and groundspeed. Flight path angle was
estimated using the change in altitude and lateral position at two successive ADS-B
data points. Flight path angle was sensitive to noise in ADS-B data. Aircraft opera-
tor was used to determine whether any airline-specific operational practices impacted

measured noise.

Environmental Data

Environmental data was obtained from the NOAA Rapid Refresh numerical model
[3]. Weather data taken at the time closest to the aircraft flyover was used. Tempera-
ture, northward wind, and eastward wind were averaged between the surface and the
aircraft altitude at the point of closest approach to the monitor. Relative humidity

was averaged between the surface and 1000 ft above ground level.

4.2.3 Departure Flight Performance Modeling Assumptions

Operational ADS-B and weather data were used to model flight performance as de-
scribed in Chapter 3. The thrust modeling required assumptions about aircraft land-
ing gear, slat, and flap configuration to be established. Landing gear retraction was
assumed to occur 0.25 nautical miles after liftoff. Flaps and slats were assumed to be
extended from the takeoff roll up until 10 knots below the maximum flap extension

speed. Airbus A320s were assumed to take off with a slats and flaps extended to
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CONF2, and Boeing 737TNGs were assumed to take off with slats and flaps extended
to Flaps 5. Flap and slat retraction thus occurred at 190 KIAS and 200 KIAS for
the A320 and 737NG, respectively. Thrust was calculated based on configuration

assumptions.

4.3 Observed Variation in Aircraft Departure Noise
Measurements using Seattle ADS-B and Noise

Monitor Measurement Data

4.3.1 Boeing 737NG Departure Noise Trends at South Moni-

tors

The noise impact of each variable for the B737NG at the south close, mid, and far
monitors is given in Figures 4-4, 4-5, and 4-6, respectively. Altitude, thrust per engine,
true airspeed, and flight path angle were taken at the point of closest approach to the
monitor. Environmental data was averaged as described in Section 4.2.2. Plots were
color-coded by airline so that the noise impact of airline-specific operating procedures
could be seen. The correlation coefficient between SEL and each variable, as well as

the slope of the linear regression between SEL and each variable were included.
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Figure 4-4: Trends for departing Boeing 737NGs at the south close monitor
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Figure 4-5: Trends for departing Boeing 737NGs at the south mid monitor
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Figure 4-6: Trends for departing Boeing 737NGs at the south far monitor

Noise measurements for the B737NG at the north monitors were consistent with

the results at the south monitors, with the exception that noise measurements in-

crease with the northward wind for northbound departures. This was likely because

tailwinds decreased climb performance. Results for northbound B737NG departures

are given in Appendix A.

47



4.3.2 Analysis of Boeing 737NG Departure Noise Trends at
South Monitors

The variables correlating with departure noise at the three south monitor locations
were examined in order of strongest impact to weakest impact. Impact was deter-
mined by averaging the absolute value of the correlation coefficients at the close, mid,
and far monitors. The variable with the highest impact had the highest average cor-
relation coefficient, and the variable with the lowest impact had the lowest average

correlation coeflicient.

Effect 1: Altitude

Altitude was observed to have the strongest impact on measured noise at all three
monitor locations, with lower noise at higher altitude. Noise decreased by approx-
imately 2-3 dB for each 1000 ft altitude gained. There was a spread in altitude of
approximately 2000 ft at each monitor. This meant that approximately 4-6 dB varia-
tion in measured noise may have been attributable to variation in altitude, although
there may have been confounding factors. This trend is shown in Figure 4-7 and is is
consistent with spherical spreading and attenuation losses.
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Figure 4-7: Altitude Impact on Noise from Departing B737NG Aircraft

Effect 2: Thrust

Next, the impact of thrust on measured noise at all three monitor locations is shown
in Figure 4-8. Measured noise decreased by approximately 0.3-0.5 dB for each 1000

Ib of increased thrust per engine. There was a spread of approximately 5000 1b thrust
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per engine over each monitor. This meant that approximately 1.5-2.5 dB variation
in measured noise may have been attributable to variation in thrust, although there
may have been confounding factors. This trend was observed because aircraft that

flew with higher thrust levels achieved higher average altitude.
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Figure 4-8: Thrust Impact on Noise from Departing B7T37NG Aircraft

Effect 3: True Airspeed

The impact of true airspeed on measured noise at all three monitor locations is shown
in Figure 4-9. Measured noise increased by approximately 0.2-0.4 dB for each addi-
tional 10 knots of true airspeed. There was a spread in true airspeed of approximately
40 knots at monitor. This meant that approximately 0.8-1.6 dB variation in measured
noise may have been attributable to variation in true airspeed, although there may
have been confounding factors. This trend was expected, since aircraft climbing at
steeper climb gradients typically fly at lower true airspeeds. Airframe noise is also
known to increase with true airspeed, so flying at lower true airspeed may have had

an impact on measured noise in cases where airframe noise dominated engine noise

on departure.
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Figure 4-9: True Airspeed Impact on Noise from Departing B737NG Aircraft

Effect 4: Takeoff Weight

The impact of takeoff weight on measured noise at all three monitor locations is shown
in Figure 4-10. Measured noise was observed to decrease with higher departure weight
at the close monitor. The trend was reversed at the mid and far monitors: measured
noise was observed to increase with higher departure weight. Heavier aircraft typically
climb more slowly and with more thrust than light aircraft, so the trend at the mid
and far monitors was expected. At these monitors, measured noise increased by
approximately 0.06-0.15 dB for each additional 1000 1b of takeoff weight. Takeoff
weight varied by approximately 20,000 Ib. This meant that approximately 1.2-3.0 dB
variation in measured noise may have been attributable to variation in takeoff weight,
although there may have been confounding factors. The trend at the close monitor
may be explained airline-specific operational practices, such as policies regarding de-

rated thrust, in the early phases of the climb.
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Figure 4-10: Weight Impact on Noise from Departing B7T37NG Aircraft
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Effect 5: Flight Path Angle

The impact of flight path angle on measured noise at all three monitor locations is
shown in Figure 4-11. Measured noise decreased by approximately 0.09-2.5 dB for
each additional 10 degrees of flight path angle. Flight path angle was observed to
vary by approximately 7.5 degrees over each monitor. This meant that up to 1.9
dB variation in noise may have been attributable to variation in flight path angle,
although there may have been confounding factors. Aircraft flying with higher climb

gradients overflew the monitors at higher altitudes, generating lower average noise

measurements.
Correlation: -0.162 Correlation: -0.205 Correlation: 0.006
Linear Regression Slope: -2.451 % Linear Regression Slope: -2.437 % Linear Regression Slope: 0.087 %

& 100 & 90 - & 90
S h=A h=A
o 9% oesr- o 85
» ) )
2 90} 280 2380
2 2 2
8 """" Q Q
o 85 875 875
o 14 14
§ 80 * é 70 * é 70
= ‘ ALT 0 A4 ALS + ALT z ‘ ALT © AL4  AL5 - AL7‘ z ALT © AL4 AL
<] AL3 AL8 AL6 <] AL3 AL8 AL6 <] AL3 AL8 = AL7
=75 =65 =65

0.0 25 5.0 75 10.0 0.0 5.0 10.0 15.0 0.0 25 5.0 75 10.0 125

Flight Path Angle [deg] Flight Path Angle [deg] Flight Path Angle [deg]
(a) South close monitor (b) South mid monitor (c) South far monitor

Figure 4-11: Flight Path Angle Impact on Noise from Departing B7T37TNG Aircraft

Next, the impact of environmental variables on measured noise was demonstrated
at all three monitor locations. The environmental variables correlating with depar-
ture noise at all three monitor locations were examined in order of strongest impact
to weakest impact. Impact was determined by averaging the absolute value of the
correlation coefficients at the close, mid, and far monitors. The environmental vari-
able with the highest impact had the highest average correlation coefficient, and the

variable with the lowest impact had the lowest average correlation coefficient.

Environmental Effect 1: Relative Humidity

As shown in Figure 4-12, noise increased by approximately 0.11-0.18 dB for each
additional 10% increase in relative humidity. Relative humidity was observed to vary
by up to 80% at all three monitors. This meant that up to 0.9-1.4 dB variation in

measured noise may have been attributable to variation in relative humidity, although

51


https://0.11-0.18

there may have been confounding factors. This trend was consistent with the findings
in [11], which demonstrated lower noise attenuation for increased relative humidity

values above 20 percent.
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Figure 4-12: Relative Humidity Impact on Noise from Departing B737NG Aircraft

Environmental Effect 2: Headwind (Northward Wind)

As shown in Figure 4-13, measured noise decreased by approximately 0.4-1.2 dB for
each additional 10 knots of headwind (northward wind). Headwinds were expected
to increase climb gradients, so this trend was expected. Headwind was observed by
vary by approximately 30 knots at each monitor. This meant that up to 1.2-3.6 dB
variation in noise may have been attributable to variation in headwind, although there
may have been confounding factors. Note that the correlation was stronger at the mid
and far monitors than at the close monitor. This was likely because the difference in
altitude achieved by climbing with a strong headwind grew as a function of distance

from the airport, so the effect of the headwind was magnified as the aircraft flew

further from the airport.
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Figure 4-13: Northward Wind (Headwind) Impact on Noise from Departing B7T37NG
Aircraft

Environmental Effect 3: Temperature

The impact of temperature on measured noise at all three monitor locations is shown
in Figure 4-14. Measured noise was observed to correlate weakly with temperature.
Measured noise decreased by approximately 0.1-0.3 dB for each additional 10°C at the
three monitor locations. Temperature was observed to vary by approximately 30°C
at each monitor location. This meant that 0.3-0.9 variation in measured noise may
have been attributable to temperature, although there may have been confounding
factors. This trend was not expected, given that attenuation is known to decrease as
temperature increases. This trend may have resulted from of airline-specific takeoff

thrust corrections as functions of temperature.
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Figure 4-14: Temperature Impact on Noise from Departing B737NG Aircraft

53



Environmental Effect 4: Crosswind (Eastward Wind)

The impact of the crosswind (eastward) component at all three monitor locations is
shown in Figure 4-15. Measured noise varied by up to 0.6 dB for each additional 10
knots of crosswind. The crosswind component was observed by vary by approximately
30 knots. This meant that up to 1.8 dB variation in measured noise may have been
attributable to variation in the crosswind component, although there may have been
confounding factors. This observation may be explained by advection. Noise advected
towards or away from the monitors depending on the direction of the eastward wind
and the location of the airplane relative to the monitor being examined. The south
close monitor was offset east of the departure path, so a positive crosswind component
to the east caused the noise to advect towards the monitor, increasing measured noise
close to the airport. The mid and far monitors were more closely aligned with the

departure path, so the impact of the crosswind component was weaker.

Correlation: 0.098 Correlation: 0.008 Correlation: -0.039

Linear Regression Slope: 0.630 & Linear Regression Slope: 0.053 % Linear Regression Slope: -0.306 %

A
g

©
o

©
o

) o o
k< A =
o 9 o 85 o 85
) ) )
2 9 280 280
2 2 2
[s} s} o
3 85 375 75
o 2 2
2 80 ‘ AL~ A4 ALS + ALT 270 ‘ AL~ AL4 - ALS - AL7‘ 270 ALl A4 - ALG
] A3~ A8 ALG ] A3~ A8 . ALG ] A3~ A8 ¢ ALT
=75 =65 =65
20 -0 0 10 20 30 20 -0 0 10 20 30 20 410 0 10 20 30 40
Eastward Wind [kts] Eastward Wind [kts] Eastward Wind [kts]
(a) South close monitor (b) South mid monitor (c) South far monitor

Figure 4-15: Eastward Wind (Crosswind) Impact on Noise from Departing B7T37NG
Aircraft

4.3.3 Impact of Airline-Specific Departure Procedures on Mea-

sured B737NG Noise

Figure 4-16 shows how departure performance parameters for each airline varied rel-
ative to the average B737NG flyover. The difference between the average airline
parameter and the average overall parameter was then normalized by the maximum
difference so that all values fell between -1 and 1. Airlines that registered more than

10 noise measurements were included. The average performance parameter values for
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each airline are given in Appendix C.
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Figure 4-16: B737TNG Departure Performance Parameter Averages by Airline Relative
to Average B737TNG Southbound Departure

Significant differences between noise recordings produced by different airlines were
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seen in the noise monitor data. Airline 6 was observed to generate the lowest average
noise measurements at all three monitors, and was quieter than the average Boeing
737 by 2-3%. On average, Airline 6 overflew the three monitors with the highest thrust
(approximately 11,000-11,500 1b thrust, or equivalently, 3-9% higher thrust compared
to the average B737NG). Airline 6 also overflew the close and mid monitors at the
highest altitudes, approximately 8-11% higher than the average B737TNG. Its aircraft
overflew the monitors with flight path angles that were up to 25% higher than the
average. Airline 6 also departed with lower true airspeed (up to 3% below average).
The procedure flown by Airline 6 appears similar to NADP1, where aircraft climb
with higher thrust and flight path angle until reaching 3000 ft altitude, at which point
they retract slats and flaps and accelerate to 250 knots [22]. Airline 6 overflew over
the south close monitor with the highest average flight path angle, but by the time
its aircraft reached the mid and far monitors, they climbed with the second and third
highest flight path angles, respectively. Furthermore, by the time the aircraft flown
by Airline 6 overflew the far monitor, they had climbed to a lower average altitude
than those operated by Airline 7. This is further evidence that Airline 6 climbed
with higher initial thrust and climb gradient close to the airport before accelerating,
similar to the procedure defined by NADP1.

Airline 7 was observed to generate the highest average noise measurements at
the close and mid monitors, louder than the average by approximately 1%. By the
time its aircraft overflew the far monitor, they generated the second quietest noise
measurements on average, quieter than the average by approximately 0.6%. Airline
7 overflew the close monitor at the lowest average altitude (6% below the average
B737NG), but had reached the highest average altitude (12.7% higher than average)
by the time it overflew the far monitor. The procedure flown by Airline 7 appears
similar to NADP2, where aircraft retract slats and flaps and accelerate to 250 knots
early and then increase their climb gradient further from the airport. This may explain
why the aircraft flown by Airline 7 were at the lowest average altitudes close to the
airport and the highest average altitudes far from the airport, and why they were

observed to generate the highest average noise measurements at the close monitor
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and the second lowest average noise measurements at the far monitor.

4.3.4 Airbus A320 Departure Noise Trends at South Monitors

The noise impact of each variable for the A320 at the south close, mid, and far
monitors is given in Figures 4-17, 4-18, and 4-19, respectively. Altitude, thrust per
engine, true airspeed, and flight path angle were taken at the point of closest approach
to the monitor. Environmental data was averaged as described in Section 4.2.2.
Plots were color-coded by airline so that the noise impact of airline-specific operating
procedures could be seen. The correlation coefficient between SEL and each variable,

as well as the slope of the linear regression between SEL and each variable were

included.
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Figure 4-17: Trends for departing Airbus A320s at the south close monitor
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Figure 4-18: Trends for departing Airbus A320s at the south mid monitor
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Figure 4-19: Trends for departing Airbus A320s at the south far monitor

Noise measurements for the A320 at the north monitors are consistent with the
results at the south monitors, with the exception that noise measurements increase
with the northward wind for northbound departures. This is likely because tailwinds
decrease climb performance, increasing noise exposure on the ground. Results for

northbound A320 departures are given in Appendix B.

4.3.5 Analysis of Airbus A320 Departure Noise Trends at South

Monitors

The variables correlating with departure noise at the three south monitor locations
were examined in order of strongest impact to weakest impact. Impact was deter-
mined by averaging the absolute value of the correlation coefficients at the close, mid,
and far monitors. The variable with the highest impact had the highest average cor-
relation coefficient, and the variable with the lowest impact had the lowest average

correlation coefficient.

Effect 1: Altitude

Altitude was observed to have the strongest impact on measured noise at the mid

and far monitors, with lower noise at higher altitude. Altitude was observed to have
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a weaker impact at the close monitor, although this may be because the variation in
altitude at the close monitor was approximately 1500 ft while the variation in altitude
at the mid and far monitors was approximately 2000 ft and 2500 ft, respectively.
Measured noise decreased by approximately 0.6-2.6 dB for each additional 1000 ft
altitude gained. Altitude was observed to vary by up to 2500 ft. This meant that up
to 1.5-6.5 dB variation in measured noise may have been attributable to variation in
altitude, although there may have been confounding factors. This trend is shown in

Figure 4-20 and is is consistent with spherical spreading and attenuation losses.

Correlation: -0.099 Correlation: -0.492 Correlation: -0.403

Linear Regression Slope: -0.599 m‘n_ugn Linear Regression Slope: -2.539 % Linear Regression Slope: -1.887 1r:rllgu

o

=]
©
o
©
o

o o o
2 = =
d 95 d 85 d 85
2] 2] [ R
2 280 280
5 3 5 ¢ EREETL
8 g g
8 875 875
['4 14 14
2 80 ALT A3 ALT0  ALT2 270 ALT A3 ALI0O - ALR2 270
=} AL9 AL4 AL11 = AL7 <} AL9 AL4 AL11 = AL7 o [ AL3 AL4 AL11 = AL7‘
=15 Z 65 Z65
1000 2000 3000 4000 1000 2000 3000 4000 5000 3000 4000 5000 6000
Altitude [ft] Altitude [ft] Altitude [ft]
(a) South close monitor (b) South mid monitor (c) South far monitor

Figure 4-20: Altitude Impact on Noise from Departing A320 Aircraft

Effect 2: Takeoff Weight

Next, the impact of takeoff weight on measured noise at all three monitor locations
is shown in Figure 4-21. Measured noise was observed to increase by approximately
0.1 dB for each additional 1000 1b increase in departure weight. Departure weight
was observed to vary by approximately 15,000 Ib. This meant that up to 1.5 dB
variation in measured noise may have been attributable to variation in departure
weight, although there may have been confounding factors. Heavier aircraft typically

climb more slowly and with more thrust than light aircraft, so the trend was expected.
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Figure 4-21: Weight Impact on Noise from Departing A320 Aircraft

Effect 3: Flight Path Angle

The impact of flight path angle on measured noise at all three monitor locations is
shown in Figure 4-22. Measured noise was observed to decrease with higher flight
path angle at the mid and far monitors, but decreased with lower flight path angle at
the close monitor. The behavior at the mid and far monitors was expected given that
aircraft flying with higher climb gradients overflew the monitors at higher altitudes,
generating lower average noise measurements. At these monitors, measured noise
decreased by 1.6-2.2 dB for each additional 10°of increased flight path angle. Flight
path angle was observed to vary by approximately 5°at the mid and far monitors. This
meant that up to 0.8-1.1 dB variation in measured noise may have been attributable
to variation in flight path angle, although there may have been confounding factors.
The behavior at the close monitor was not expected, but may be alleviated by using
multiple ADS-B data points to calculate an average flight path angle value instead of

using an instantaneous estimate.

Correlation: 0.168 Correlation: -0.164 Correlation: -0.116

100 Linear Regression Slope: 2.770 % % Linear Regression Slope: -2.167 % % Linear Regression Slope: -1.661 %
m m m
=2, = =
d 95 d 85 d 85
2] 2] 2]
2 280 280
° 2 2
g g g
2 275 275
['4 14 14
<] <] <]
= 80 AL1 AL3 AL10 AL12 z 70 AL1 AL3 AL10 AL12 z 70
<} AL9 AL4 AL11 = AL7 <} AL9 AL4 AL11 = AL7 o ‘ AL3 AL4 AL11 = AL7‘
= 75 =65 =65

0.0 25 5.0 7.5 10.0 0.0 25 5.0 75 10.0 125 0.0 25 5.0 75 10.0 125

Flight Path Angle [deg] Flight Path Angle [deg] Flight Path Angle [deg]
(a) South close monitor (b) South mid monitor (c) South far monitor

Figure 4-22: Flight Path Angle Impact on Noise from Departing A320 Aircraft
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Effect 4: True Airspeed

The impact of true airspeed on measured noise at all three monitor locations is shown
in Figure 4-23. Measured noise was observed to increase with true airspeed at the
close and mid monitors by up to 0.18 dB for each additional 10 knots true airspeed.
True airspeed was observed to vary by approximately 60 knots at these monitors.
This meant that approximately 1 dB variation in measured noise may have been
attributable to variation in true airspeed at the close and mid monitors, although
there may have been confounding factors. This trend was expected, since aircraft
climbing at steeper climb gradients typically fly at lower true airspeeds. Airframe
noise also increases with true airspeed, so flying at lower true airspeed may have had
an impact on measured noise in cases where airframe noise dominated engine noise
on departure. Measured noise was observed to decrease as true airspeed increased at
the far monitor. This could potentially be because aircraft overflying the far monitor
were accelerating to climb speed at reduced climb thrust with slats and flaps retracted,

although flight data recorder data would be required to validate this prediction.
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Figure 4-23: True Airspeed Impact on Noise from Departing A320 Aircraft

Effect 5: Thrust

Next, the impact of thrust on measured noise at all three monitor locations is shown in
Figure 4-24. Measured noise was observed to increase with higher thrust at the close
monitor, and decrease with higher thrust at the mid and far monitors. This trend was
consistent with the modeled results in Thomas 2020 [22], which demonstrated that

aircraft departing with higher thrust generated higher modeled noise near the airport,
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and lower modeled noise at the equivalent mid and far distances from the airport.
Measured noise varied by 0.05-0.13 dB for each additional 1000 1b increase in thrust.
Modeled thrust varied by approximately 5000 Ib at each monitor. This meant that
approximately 0.2-0.7 dB dB variation in measured noise may have been attributable

to variation in thrust, although there may have been confounding factors.
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Figure 4-24: Thrust Impact on Noise from Departing A320 Aircraft

Next, the impact of environmental variables on measured noise was demonstrated
at all three monitor locations. The environmental variables correlating with depar-
ture noise at all three monitor locations were examined in order of strongest impact
to weakest impact. Impact was determined by averaging the absolute value of the
correlation coefficients at the close, mid, and far monitors. The environmental vari-
able with the highest impact had the highest average correlation coefficient, and the

variable with the lowest impact had the lowest average correlation coefficient.

Environmental Effect 1: Relative Humidity

As shown in Figure 4-25, noise increased with relative humidity at all three monitor
locations by approximately 0.14-0.28 dB for each additional 10% increase in relative
humidity. Relative humidity was observed to vary by up to 80% at the three monitor
locations. This meant that approximately 1-2 dB variation in measured noise may
have been attributable to variation in relative humidity, although there may have
been confounding factors. This trend was consistent with the findings in [11], which
demonstrated lower noise attenuation for increased relative humidity values above 20

percent.

66


https://0.14-0.28
https://0.05-0.13

Correlation: 0.158 Correlation: 0.253 Correlation: 0.200

Linear Regression Slope: 0.141 g7 Linear Regression Slope: 0.238 {0, Linear Regression Slope: 0.280 {0,

& 100 F0 F90

= = =

o % o 85 85

[72) I 0

2 9 280 280

2 ° °

8 o o

3 85 375 375

14 4 4

S S S

= 80 AL1 AL3 AL10 AL12 z 70 AL1 AL3 AL10 AL12 z 70

<} ALO © AL4 © ALT1 » AL7 <} AL9 © AL4 - AL11 & AL7 <} [ A3 0 A4 AL < AL7|
B =65 =65

20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity [%] Relative Humidity [%] Relative Humidity [%]
(a) South close monitor (b) South mid monitor (c) South far monitor

Figure 4-25: Relative Humidity Impact on Noise from Departing A320 Aircraft

Environmental Effect 2: Headwind (Northward Wind)

As shown in Figure 4-26, noise was observed to decrease with headwinds (the north
wind component). Measured noise decreased by 0.4-1.7 dB for each additional 10 knot
increase in headwind. Headwind was observed to vary by approximately 30 knots at
the three monitor locations. This meant that approximately 1-5 dB variation in
measured noise may have been attributable to variation in headwind, although there
may have been confounding factors. Headwinds were expected to increase climb
gradients, so this trend was expected. Note that the correlation was stronger at
the mid and far monitors than at the close monitor. This was likely because the
difference in altitude achieved by climbing with a strong headwind grew as a function
of distance from the airport, so the effect of the headwind was magnified as the aircraft

flew further from the airport.
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Figure 4-26: Northward Wind (Headwind) Impact on Noise from Departing A320
Aircraft
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Environmental Effect 3: Temperature

The impact of temperature on measured noise at all three monitor locations is shown
in Figure 4-27. Measured noise was observed to correlate weakly with temperature.
Measured noise decreased by approximately 0.30-0.38 dB for each additional 10°C
increase in temperature. Temperature was observed to vary by approximately 30°C
at the three monitor locations. This meant that approximately 1 dB variation in
measured noise may have been attributable to variation in temperature, although
there may have been confounding factors. This trend was not expected, given that
attenuation is known to decrease as temperature increases. This trend may be a

result of airline-specific takeoff thrust corrections as functions of temperature.
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Figure 4-27: Temperature Impact on Noise from Departing A320 Aircraft

Environmental Effect 4: Crosswind (Eastward Wind)

The impact of the crosswind (eastward) component at all three monitor locations is
shown in Figure 4-28. Measured noise was observed to vary by 0.6-0.7 dB for each
additional 10 knot increase in crosswind component. The crosswind component was
observed to vary by approximately 20 knots. This meant that 1.2-1.4 dB variation in
measured noise may have been attributable to variation in the crosswind component,
although there may have been confounding factors. Noise advected towards or away
from the monitors depending on the direction of the eastward wind and the location
of the airplane relative to the monitor being examined. The south close monitor
was offset east of the departure path, so a positive crosswind component to the east

caused the noise to advect towards the monitor, increasing measured noise close to
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the airport. The mid and far monitors were more closely aligned with the departure
path. Aircraft more directly overflew the south far monitor than the close and mid

monitors, which may explain why the trend is reversed at the far monitor.
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Figure 4-28: Eastward Wind (Crosswind) Impact on Noise from Departing A320
Aircraft

4.3.6 Impact of Airline-Specific Departure Procedures on Mea-

sured A320 Noise

Figure 4-29 shows how departure performance parameters for each airline varied rela-
tive to the average A320 flyover. The difference between the average airline parameter
and the average overall parameter was then normalized by the maximum difference
so that all values fell between -1 and 1. The average performance parameter values

for each airline are given in Appendix C.
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Noise measurements due to aircraft operated by each of the airlines were consistent
for Airbus A320s; noise was not as distinguished by operator for the A320 as it was for
the BT37NG. However, a trend that was observed for B737NGs operated by Airline 7
is also apparent for A320s operated by Airline 7: aircraft operated by Airline 7 were
quieter relative to aircraft operated by other airlines the farther the aircraft flew from
the airport. At the close monitor, A320s operated by Airline 7 on average generated
a noise measurement of 86.4 dB, 1.8 dB quieter than the loudest A320s at the close
monitor. However, at the far monitor, A320s operated by Airline 7 generated an
average noise measurement of 79.7 dB, 4.6 dB quieter than the loudest A320s at the
far monitor and 0.6% quieter than the average A320 at the far monitor. Furthermore,
operated by Airline 7 overflew the close monitor at the second lowest average altitude,
but by the time they overflew the far monitor, they did so with the second highest
average altitude. This finding suggests that Airline 7 operated using a procedure
similar to NADP2, intended to reduce community noise far from the airport, with

both the B737NG and A320.

4.3.7 Departure Noise Data Summary

Variation in departure noise can be attributed to operator-specific climb procedures,
aircraft weight, and environmental factors. Altitude was shown to have the strongest
effect on community noise exposure. Airline-specific procedures with higher thrust
and higher initial climb gradients were observed to have lower noise exposure. This
finding may help inform the development of new noise abatement departure proce-
dures. Future validation studies may examine the impact of specific airline standard
operating procedures on aircraft noise. Data from flight data recorders can also be
used to obtain precise configuration and weight data.

Environmental factors including ambient wind and relative humidity were shown
to have impacts on climb performance (headwind), advection of noise (crosswind),

and attenuation of noise (relative humidity).
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4.4 Arrival Noise Data Exploration using Operational

Flights and Ground Noise Measurements

4.4.1 Identification of Variables with Potential Arrival Noise
Variation Impact
As with departures, the parameters investigated were categorized into three groups:

observed aircraft data, environmental data, and aircraft performance parameters.

The parameters investigated for arrivals are listed in Table 4.2.

Table 4.2: Arrival Noise Parameters Investigated

Noise Aircraft Environmental Aircraft
Data Data Data Performance
SEL at Aircraft Relative Landing
Monitor Locations Type Humidity Weight
Aircraft Northward Aircraft
Operator Wind Configuration
) Eastward Landing
Altitude
Wind Thrust
Lateral
Temperature
Position
Groundspeed
Flight Path
Angle

4.4.2 Arrival Flight Performance Modeling Assumptions

Operational ADS-B and weather data were used to model flight performance as de-
scribed in Chapter 3. The thrust modeling required assumptions about aircraft land-

ing gear, slat, and flap configuration to be established. Landing gear deployment was
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assumed to occur at the final approach fix for the RNAV 22L at Boston and ILS
16L/C/R at Seattle. Flaps and slats were assumed to be deployed 10 knots below the
maximum flap extension speed. Airbus A320s were assumed to land with flaps set
to CONF FULL, and Boeing 737s were assumed to land with flaps set to Flaps 30.
Thrust was calculated based on configuration assumptions. Assumed flap extension

speeds are given in Table 4.3 for the B737NG and Table 4.4 for the A320.

Table 4.3: B737-800 Flap Extension Speeds

Flap Setting Flaps 1 Flaps 5 Flaps 10 Flaps 15 Flaps 25 Flaps 30
Extension Speed [KIAS| 230 210 200 190 180 165

Table 4.4: A320 Flap Extension Speeds

Flap Setting CONF 1 CONF 2 CONF 3 FULL
Extension Speed [KIAS] 220 190 175 167

4.4.3 Monitors Examined for Aircraft Arrivals

Three monitors north of Seattle-Tacoma International Airport were chosen to perform
the data-driven analysis of arrival noise. Arrivals from the north were chosen because
monitors extended further from the airport to the north than to the south, allowing
for trends at far, medium-distance, and close monitors to be identified. The far, mid,

and close monitors chosen are showin in Figure 4-30.
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Figure 4-30: Port of Seattle noise monitor network. Monitors analyzed for arrivals
shown in green

The lateral tracks of arrivals from the north are shown in Figure 4-31. Aircraft
land on all three runways. As with departures, flights were filtered so that only
aircraft that flew within a 0.25 nautical mile lateral track distance of the monitor

being analyzed were considered.
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Figure 4-31: Lateral Tracks of Seattle arrivals
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4.5 Observed Variation in Aircraft Arrival Noise Mea-

surements using Seattle ADS-B and Noise Mon-

itor Measurement Data

4.5.1 Boeing 737NG Arrival Noise Trends

The noise impact of each variable for the B7T37NG at the north far monitor is given

in Figure 4-32. Note that available data for aircraft arrivals was limited at the north

far monitor. Data from the north mid and north close monitors follows in Figures

4-33 and 4-34, respectively.
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~
o

Monitor Recordi
»
(4]

60

20

Eastward Wind [kts]

to the east

Correlation: -0.316

Linear Regression Slope: -0.599 -48

10%

AL1
AL3

AL4
ALG

* ALY

40 60 80
Relative Humidity [%]

100

(i) Relative humidity wind impact, north far
monitor

76

(h) Eastward wind (crosswind) impact,
north far monitor. Eastward wind positive



Correlation: -0.002

Linear Regression Slope: -0.029 4B

1000 ft

=95
o,
=90
)
” 85
2
S LRl G oo
5 80
2
& 75
8
c 70 = AL1 AL3 AL5 = AL7
o AL2 ¢ AL4 ALB
=65
1000 1500 2000 2500 3000 3500
Altitude [f]

(a) Altitude impact, north mid monitor

Correlation: -0.200

Linear Regression Slope: -0.272 —4E_

1000 Ib

[(e]
8]

o] (o] ©0
o [4;] o

~
[$)]

~
o

“ AL1 AL3
AL2 © AL4

AL5
ALB

= ALY

Monitor Recording SEL [dB]

2]
al

0.0 25 5.0 7.5

Thrust per Engine [1000 Ib]

10.0

(c) Thrust impact, north mid monitor

Correlation: 0.037

Linear Regression Slope: 1.424 &

10°

[{e]
al

[(e]
o

(o]
4]

(o]
o

~
&}

~
o

“ ALt
AL2 © AL4

AL3 ALS =

ALB

AL7

Monitor Recording SEL [dB]

65

-8.0 -6.0 -4.0 -2.0

Flight Path Angle [deg]

0.0

(e) Flight path angle impact, north mid
monitor

7

Correlation: 0.069

Linear Regression Slope: 0.016 42

10001h

<o}
4]

©
o

[ee]
a

o]
o
T

~
9]

-~
o

o AL1
AL2 © AL4

AL3 AL5 =

AL6

Monitor Recording SEL [dB]

D
]

80 100 120

Landing Weight [1000 Ib]

140

(b) Weight impact, north mid monitor

Correlation: 0.004

Linear Regression Slope: 0.008 ﬁ

[(e]
8]

©0
o

(o]
o

o]
o

~
[$)]

~
o

“ AL1 AL3
AL2 © AL4

AL5
ALB

= ALY

Monitor Recording SEL [dB]

2]
al

-
w
o

150 170 190 210

True Airspeed [KTAS]

230 250

(d) True airspeed impact, north mid monitor

Correlation: -0.156

Linear Regression Slope: -0.929 -48

10°C

[<e]
8]

©
o

[ee]
)]

[e]
o

~
[$)]

o AL1
AL2 © AL4

AL3 AL5 =

ALB

AL7

-~
o

Monitor Recording SEL [dB]

D
]

'
a

0 5

Temperature [°C]

10 15

(f) Temperature impact, north mid monitor



<o}
4]

Correlation: -0.024

Linear Regression Slope: -0.176

dB
10kts

©
o

[ee]
a

~
9]

Monitor Recording SEL [dB]
~ o]
o o

&
r
S

(g) Northward wind (headwind) impact,
north mid monitor. Northward wind posi-

AL1 AL3 AL5 = AL7
AL2 © AL4 AL6
-10 0 10 20 30

Northward Wind [kts]

tive to the north

© <o}
o 4]

[ee]
a

Monitor Recording SEL [dB]
~N N o
o [$,] o

&
r
S

Correlation: 0.118

Linear Regression Slope: 0.786 -8

10 kts

AL1 AL3 AL5 = AL7
AL2 © AL4 AL6

-10 0 10 20 30
Eastward Wind [kts]

(h) Eastward wind (crosswind) impact,
north mid monitor. Eastward wind positive

to the east

Correlation: 0.144
Linear Regression Slope: 0.198 %

O
8]

©0
o

oo
4;]

~
&}

~
o

Monitor Recording SEL [dB]
o]
o

AL1
AL2 © AlL4 ALB

AL3 AL5

= ALY

(o))
L
o

40

60

80 100

Relative Humidity [%]

(i) Relative humidity wind impact, north
mid monitor

Figure 4-33: Trends for arriving Boeing 737NGs at the north mid monitor
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Figure 4-34: Trends for arriving Boeing 737NGs at the north close monitor

4.5.2 Analysis of Boeing 737TNG Arrival Noise Trends

The variables correlating with arrival noise at all three monitor locations were ex-
amined in order of strongest impact to weakest impact. Impact was determined by
averaging the absolute value of the correlation coefficients at the close, mid, and far
monitors. The variable with the highest impact had the highest average correlation
coefficient, and the variable with the lowest impact had the lowest average correlation

coeflicient.

Effect 1: Thrust

Thrust was observed to have the greatest impact on measured B737NG arrival noise
as shown in Figure 4-35. Measured noise increased by up to 1.5 dB for each additional
1000 Ib of increased thrust at the close and far monitors. Modeled thrust varied by
approximately 5000 Ib at these monitors. This meant that up to 0.75 dB variation
in measured noise may have been attributed to variation in thrust, although there
may have been confounding factors. This trend was expected because engine noise
was previously known to correlate with thrust levels, all other factors constant. The
opposite trend was observed at the mid monitor. This trend was likely observed

because thrust was modeled as a function of assumed slat, flap, and landing gear
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deployment schedules, potentially leading to unreliable thrust estimates in some cases.
Had the actual deployment schedules been known, modeled thrust would have been

less susceptible to modeling error.
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Figure 4-35: Thrust Impact on Noise from Arriving B737NG Aircraft

Effect 2: Landing Weight

Next, landing weight was observed to impact arrival noise as shown in Figure 4-36.
Measured noise increased at the three monitor locations by up to 0.03 dB for each
additional 1000 lb increase in landing weight. Landing weight varied by approximately
40,000 1b at the three monitor locations. This meant that up to 1.2 dB variation in
measured noise may have been attributable to variation in landing weight, although
there may have been confounding factors. The trend was weakest at the far monitor
and became stronger at the mid and close monitors. This may be because heavier
aircraft require higher slat and flap extension levels and more thrust to maintain
approach speed, increasing airframe and engine noise. Note that even though heavier
aircraft approach at faster approach speeds, the results from Figure 4-37 (upcoming)
suggest that true airspeed only weakly impacts noise propagation for arrivals close to

the airport.
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Figure 4-36: Weight Impact on Noise from Arriving B737NG Aircraft

Effect 3: True Airspeed

The impact of true airspeed on measured noise is shown in Figure 4-37. Measured
noise was found to decrease by 0.2 dB for each additional 10 knots true airspeed at
the far monitor. Airspeed was observed to vary by approximately 60 knots at the
far monitor. This means that up to 1.2 dB variation in measured noise may have
been attributable to variation in true airspeed. This finding was consistent with
the delayed deceleration approach, which has been proposed to reduce noise at far
distances from the airport. Aircraft performing delayed deceleration approaches fly
faster approach speeds and remain cleanly configured for a longer duration of the
approach, decreasing airframe noise and potentially engine noise due to lower thrust
requirements. Measured noise was a weak function of airspeed at the mid and close
monitors. At these monitors, aircraft were flying at airspeeds where flaps and slats
were likely extended. The measured noise likely depended on the exact slat, flap, and

landing gear positions, and the associated thrust.
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Figure 4-37: True Airspeed Impact on Noise from Arriving B737NG Aircraft
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Effect 4: Altitude

The impact of altitude on measured noise is shown in Figure 4-38. Measured noise was
observed to decrease by up to 0.7 dB at the far and mid monitors for each additional
1000 ft increase in altitude. Altitude was observed to vary by approximately 1000
ft at the far and mid monitors. This meant that approximately 0.7 dB variation in
measured noise may have been attributable to variation in altitude, although there
may have been confounding factors. Measured noise was observed to increase with
altitude at the close monitor, but this effect was weak and may have been affected by

factors such as variation in aircraft configuration close to the airport.
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Figure 4-38: Altitude Impact on Noise from Arriving B737TNG Aircraft

Effect 5: Flight Path Angle

Next, the impact of flight path angle on measured noise is shown in Figure 4-39.
Measured noise increased by approximately 1.5 dB for each additional 10°increase in
flight path angle at the mid and close monitors. Flight path angle was observed to
vary by approximately 3°at the mid and close monitors. This meant that approxi-
mately 0.5 dB variation in measured noise may have been attributable to variation
in flight path angle, although there may have been confounding factors. This trend
was expected because aircraft approaching the runway at shallower approach angles
would be expected to require more thrust to maintain airspeed. At the far monitor,
measured noise was observed to decrease with flight path angle. This finding could
have been caused by various factors that would require more data to validate. One

possible explanation is that aircraft descending more steeply were more likely to do
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so with spoilers or flaps extended, increasing airframe noise. However, flight data
recorder data would be required to validate this hypothesis. More flyover data at the
far monitor could also explain why the trend was reversed. It is possible that with
more data at the north far monitor, the trend would be similar to those observed at
the mid and close monitors.
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Figure 4-39: Flight Path Angle Impact on Noise from Arriving B737NG Aircraft

Next, the impact of environmental variables on measured noise was demonstrated
at all three monitor locations. The environmental variables correlating with arrival
noise at all three monitor locations were examined in order of strongest impact to
weakest impact. Impact was determined by averaging the absolute value of the cor-
relation coefficients at the close, mid, and far monitors. The environmental variable
with the highest impact had the highest average correlation coefficient, and the vari-

able with the lowest impact had the lowest average correlation coefficient.

Environmental Effect 1: Relative Humidity

As shown in Figure 4-40, measured noise increased by 0.1-0.2 dB for each additional
10% increase in relative humidity at the mid and close monitors. Relative humidity
was observed to vary by approximately 60% at the two monitors. This meant that
up to 1.2 dB variation in measured noise may have been attributable to variation in
relative humidity, although there may have been confounding factors. This trend was
consistent with the findings in [11], which demonstrates lower noise attenuation for
increased relative humidity values above 20 percent. The opposite trend at the north

far monitor was observed, but was possibly a result of the limited data set at the far
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monitor.
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Figure 4-40: Relative Humidity Impact on Noise from Arriving B737NG Aircraft

Environmental Effect 2: Crosswind (Eastward Wind)

The impact of the crosswind (eastward) component at the three monitor locations is
shown in Figure 4-41. Measured noise varied by up to 1.4 dB for each additional 10
knots of crosswind. The crosswind component was observed by vary by approximately
30 knots. This meant that up to 4.2 dB variation in measured noise may have been
attributable to variation in the crosswind component, although there may have been
confounding factors. This observation may be explained by advection. Noise advected
towards or away from the monitors depending on the direction of the eastward wind

and the location of the airplane relative to the monitor being examined.
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Figure 4-41: Eastward Wind (Crosswind) Impact on Noise from Arriving B7T37TNG
Aircraft
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Environmental Effect 3: Temperature

The impact of temperature is shown in Figure 4-42. Measured noise correlated weakly
with temperature. Measured noise was observed to vary by 0.7-0.9 dB for each addi-
tional 10°C increase in temperature at the three monitors. Temperature was observed
to vary by approximately 20°C at each monitor. This meant that up to 1.8 dB vari-
ation in measured noise may have been attributable to variation in temperature,
although there may have been confounding factors. Measured noise was observed to
increase at the far monitor, and decrease at the mid and close monitors. Measured
noise was expected to increase with temperature given that attenuation is known
to decrease with temperature. The behavior observed at the mid and close moni-

tors is consistent with the behavior observed for departures, but remains a source of

uncertainty.
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Figure 4-42: Temperature Impact on Noise from Arriving B737NG Aircraft

Environmental Effect 4: Headwind (Northward Wind)

The impact of headwind is shown in Figure 4-43. Measured noise was observed to
correlate most strongly with northward wind at the close monitor, where a 10 knot
change in headwind increased measured noise by up to 1.5 dB. Northward wind was
observed to vary by 30 knots at the close monitor. This meant that up to 4.5 dB varia-
tion in measured noise may have been attributable to variation in headwind, although
there may have been confounding factors. For arrivals, the headwind component was
expected to impact noise by means of advection, since the improvement in climb per-

formance associated with headwind was more relevant to departures than arrivals.
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Therefore, the impact of headwind was expected to vary based on the location of the

aircraft relative to the noise monitor at the point of closest approach.
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Figure 4-43: Northward Wind (Headwind) Impact on Noise from Arriving B737NG
Aircraft

4.5.3 Impact of Airline-Specific Arrival Procedures on Mea-

sured B737NG Noise

Figure 4-44 shows how departure performance parameters for each airline varied rel-
ative to the average B737NG flyover. The difference between the average airline
parameter and the average overall parameter was then normalized by the maximum
difference so that all values fell between -1 and 1. Airlines that registered more than
10 noise measurements were included. The average performance parameter values for

each airline are given in Appendix C.
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At the north far monitor, the aircraft operated by Airline 7 were observed to be
the quietest on average by 1.8 dB. These aircraft overflew the north far monitor 11 kts
faster and with approximately 800 1b less thrust per engine than the average B737NG.
The next quietest airline was Airline 4, which was quieter than the average by 0.4 dB
and overflew the monitor 2 kts faster than the average. These findings were consistent
with the delayed deceleration approach concept, where delaying deceleration allows
the aircraft to remain cleanly configured and at lower thrust until the final approach
stabilization point. It is interesting that Airline 1, which was observed to overfly
the north far monitor 15 knots faster and with approximately 1300 lb less thrust
per engine than the average, was 0.4 dB louder than the average. The steeper-than-
average flight path angle may suggest that the aircraft was descending with spoilers
deployed, increasing airframe noise. However, this hypothesis must be validated using

flight data recorder data.

4.5.4 Airbus A320 Arrival Noise Trends

Trends for the Airbus A320 follow at the far, mid, and close monitors follow in Figures
4-47, 4-46, and 4-45, respectively. Note that available data for aircraft arrivals was

limited at the north far monitor.
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Figure 4-45: Trends for arriving Airbus A320s at the north far monitor
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Figure 4-46: Trends for arriving Airbus A320s at the north mid monitor
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Figure 4-47: Trends for arriving Airbus A320s at the north close monitor
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4.5.5 Analysis of Airbus A320 Arrival Noise Trends

The variables correlating with arrival noise at all three monitor locations were ex-

amined in order of strongest impact to weakest impact. Impact was determined by

averaging the absolute value of the correlation coefficients at the close, mid, and far

monitors. The variable with the highest impact had the highest average correlation

coefficient, and the variable with the lowest impact had the lowest average correlation

coeflicient.
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Effect 1: Thrust

Thrust was observed to have the greatest impact on measured A320 arrival noise as
shown in Figure 4-48. Measured noise increased by up to 0.75 dB for each additional
1000 1b of increased thrust at the close and far monitors. Modeled thrust varied by
approximately 5000 lIb at these monitors. This meant that up to 3.8 dB variation
in measured noise may have been attributed to variation in thrust, although there
may have been confounding factors. This trend was expected because engine noise
was previously known to correlate with thrust levels, all other factors constant. The
opposite trend was observed at the mid monitor. This trend was likely observed
because thrust was modeled as a function of assumed slat, flap, and landing gear
deployment schedules, potentially leading to unreliable thrust estimates in some cases.
Had the actual deployment schedules been known, modeled thrust would have been

less susceptible to modeling error.
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Figure 4-48: Thrust Impact on Noise from Arriving A320 Aircraft

Effect 2: True Airspeed

The impact of true airspeed on measured noise is shown in Figure 4-49. Measured
noise was found to decrease by approximately 0.1 dB for each additional 10 knots
true airspeed at the far monitor. Airspeed was observed to vary by approximately 60
knots at the far monitor. This means that up to 0.6 dB variation in measured noise
may have been attributable to variation in true airspeed. This finding was consistent
with the delayed deceleration approach, which has been proposed to reduce noise at

far distances from the airport. Aircraft performing delayed deceleration approaches
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fly faster approach speeds and remain cleanly configured for a longer duration of the
approach, decreasing airframe noise and potentially engine noise due to lower thrust
requirements. Measured noise was observed to increase with airspeed at the mid and
close monitors. At these monitors, aircraft were flying at airspeeds where flaps and

slats were likely extended, so flying at higher airspeeds would be expected to increase

airframe noise at these monitors.
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Figure 4-49: True Airspeed Impact on Noise from Arriving A320 Aircraft

Effect 3: Landing Weight

Next, landing weight was observed to impact arrival noise as shown in Figure 4-50.
Measured noise was a weak function of landing weight, but was observed to correlate
most strongly at the close monitor, where a 1000 lb increase in thrust increased
measured noise by approximately 0.02 dB on average. Landing weight was observed
to vary by approximately 50,000 1b at the north close monitor. This meant that
up to 1 dB variation in measured noise may have been attributable to variation in
landing weight at the north close monitor, although there may have been confounding
factors. The opposite trend was observed at the far and mid monitors, although the
correlation was weak. This behavior was not expected since heavier aircraft typically

configure earlier and at higher airspeeds than light aircraft.
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Figure 4-50: Weight Impact on Noise from Arriving A320 Aircraft

Effect 4: Altitude

The impact of altitude on measured noise is shown in Figure 4-51. Measured noise
was observed to increase with altitude at the mid and close monitors. This trend was
unexpected and may have been affected by factors such as variation in aircraft con-
figuration close to the airport. At the far monitor, noise decreased by approximately
0.6 dB for each additional 1000 ft increase in altitude. Altitude was observed to vary
by approximately 1000 ft at the far monitor. This meant that approximately 0.6 dB
variation in measured noise was potentially attributable to variation in altitude at

the far monitor, although there may have been confounding factors.
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Figure 4-51: Altitude Impact on Noise from Arriving A320 Aircraft
Effect 5: Flight Path Angle

Next, the impact of flight path angle on measured noise is shown in Figure 4-52. Mea-
sured noise increased at each monitor by up to 5.2 dB for each additional 10°increase

in flight path angle. Flight path angle was observed to vary by approximately 3°at
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the mid and close monitors. This meant that approximately 1.5 dB variation in mea-
sured noise may have been attributable to variation in flight path angle, although
there may have been confounding factors. This trend was expected because aircraft
approaching the runway at shallower approach angles would be expected to require

more thrust to maintain airspeed.
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Figure 4-52: Flight Path Angle Impact on Noise from Arriving A320 Aircraft

Next, the impact of environmental variables on measured noise was demonstrated
at all three monitor locations. The environmental variables correlating with arrival
noise at all three monitor locations were examined in order of strongest impact to
weakest impact. Impact was determined by averaging the absolute value of the cor-
relation coefficients at the close, mid, and far monitors. The environmental variable
with the highest impact had the highest average correlation coefficient, and the vari-

able with the lowest impact had the lowest average correlation coefficient.

Environmental Effect 1: Crosswind (Eastward Wind)

The impact of the crosswind (eastward) component at the three monitor locations is
shown in Figure 4-53. Measured noise varied by up to 1.9 dB for each additional 10
knots of crosswind. The crosswind component was observed by vary by approximately
30 knots. This meant that up to 5.7 dB variation in measured noise may have been
attributable to variation in the crosswind component, although there may have been
confounding factors. This observation may be explained by advection. Noise advected
towards or away from the monitors depending on the direction of the eastward wind

and the location of the airplane relative to the monitor being examined. Note that

98



the strongest correlation and steepest slope were observed at the close monitor. This

trend was observed for the headwind component, which follows.
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Figure 4-53: Eastward Wind (Crosswind) Impact on Noise from Arriving A320 Air-
craft

Environmental Effect 2: Headwind (Northward Wind)

The impact of headwind is shown in Figure 4-54. Measured noise was observed to
correlate most strongly with northward wind at the close monitor, where a 10 knot
change in headwind increased measured noise by up to 1.9 dB. Northward wind was
observed to vary by 30 knots at the close monitor. This meant that up to 5.7 dB
variation in measured noise may have been attributable to variation in headwind,
although there may have been confounding factors. For arrivals, the headwind com-
ponent was expected to impact noise by means of advection, since the improvement
in climb performance associated with headwind was more relevant to departures than
arrivals. Therefore, the impact of headwind was expected to vary based on the loca-
tion of the aircraft relative to the noise monitor at the point of closest approach. It
is interesting that both the headwind and crosswind components had the strongest
impact on measured noise for A320 arrivals at the close monitor. Similar behavior for
both the headwind and crosswind components was observed for the B7T37NG arrivals
at the close monitor as shown in Figures 4-41 and 4-43. This indicates that advection

may have a stronger impact on arrival noise close to the airport.
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Figure 4-54: Northward Wind (Headwind) Impact on Noise from Arriving A320 Air-
craft

Environmental Effect 3: Temperature

The impact of temperature is shown in Figure 4-55. Measured noise correlated weakly
with temperature. Measured noise was observed to decrease by 0.3-0.6 dB for each
additional 10°C increase in temperature at the three monitors. Temperature was
observed to vary by approximately 15°C at each monitor. This meant that up to
0.5-0.9 dB variation in measured noise may have been attributable to variation in
temperature, although there may have been confounding factors. Measured noise
was expected to increase with temperature, given that attenuation decreases with

temperature. This behavior remains a source of uncertainty.

Correlation: -0.106
Linear Regression Slope: -0.610 2

Correlation: -0.099

Correlation: -0.069

& Linear Regression Slope: -0.593 122 Linear Regression Slope: -0.279 11

—95 —95 —95
2 2 2
E 90 E 90 E 90
» 85 o 85 o 85
2 Dol 2
5 80l e oo 5 80 5 80
8756 ¢ 0" o 4w g LT 875 875
2 2 2
570 570 ALl - A4 - ALT2 570 ALl - A4 - ALT2
65 AL1 AL4 = AL7 65 AL9 AL10 = AL7 65 AL9 AL10 = AL7
g AL3 - AL S AL3 © AL AL3 S AL3 - AL AL3

60 60 60

-10 -5 0 5 10 -5 0 5 10 15 -5 0 5 10 15

Temperature [°C]

(a) North far monitor

Temperature [°C]

(b) North mid monitor

Temperature [°C]

(c¢) North close monitor

Figure 4-55: Temperature Impact on Noise from Arriving A320 Aircraft

Environmental Effect 4: Relative Humidity

As shown in Figure 4-56, measured noise increased by up to 0.1 dB for each additional

10% increase in relative humidity at the mid and close monitors. Relative humidity
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was observed to vary by approximately 60% at the two monitors. This meant that
up to 0.6 dB variation in measured noise may have been attributable to variation in
relative humidity, although there may have been confounding factors. This trend was
consistent with the findings in [11], which demonstrates lower noise attenuation for
increased relative humidity values above 20 percent. The opposite trend at the north

far monitor was observed, but was possibly a result of the limited data set at the far

monitor.
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Figure 4-56: Relative Humidity Impact on Noise from Arriving A320 Aircraft

4.5.6 Impact of Airline-Specific Arrival Procedures on Mea-

sured A320 Noise

Figure 4-57 shows how departure performance parameters for each airline varied rela-
tive to the average A320 flyover. The difference between the average airline parameter
and the average overall parameter was then normalized by the maximum difference
so that all values fell between -1 and 1. The average performance parameter values

for each airline are given in Appendix C.
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At the north far monitor, the aircraft operated by Airline 7 were observed to be
the quietest on average by 1.5 dB. These aircraft overflew the north far monitor 15 kts
faster and with approximately 350 1b less thrust per engine than the average A320.
The next quietest airline was Airline 4, which was quieter than the average by 0.6 dB
and overflew the monitor at the average airspeed. These aircraft were lighter than
the average A320 by approximately 3500 1b. The finding for Airline 7 was consistent
with the delayed deceleration approach concept, where delaying deceleration allows
the aircraft to remain cleanly configured and at lower thrust until the final approach
stabilization point. It is interesting that Airlines 4 and 7 were also observed to be
the quietest airlines at the north far monitor for the B737NG. This may suggest that

these airlines employ a procedure that delays deceleration far from the airport.

4.5.7 Arrival Noise Data Summary

Thrust and airspeed were shown to have the strongest effect on community noise
exposure due to aircraft arrivals. At far monitors, measured noise was observed to
decrease as true airspeed increased. This finding was consistent with the delayed de-
celeration approach. The delayed deceleration approach may require less thrust (and
therefore, produce less engine noise) and produce less airframe noise by enabling the
aircraft to fly in cleanly configured states for a longer duration of the approach. The
delayed deceleration approach could be validated using flight data recorder data or by
modeling noise due to aircraft flying at various approach speeds far from the airport.
Environmental factors including ambient wind and relative humidity were shown to
have impacts on climb performance (headwind), advection of noise (crosswind), and
attenuation of noise (relative humidity). Model-based validations of the delayed de-
celeration approach and the community noise impacts of aircraft weight and ambient

relative humidity follow in Chapter 5.
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Chapter 5

Model-Based Validation of the
Factors Contributing to Community

Noise due to Aircraft Arrivals

The purpose of this chapter is to model the impacts of the variables found to correlate
with aircraft noise in Chapter 4. First, the noise impacts of aircraft weight and relative
humidity were modeled, since both were shown to impact noise due to departures
and arrivals. Next, the noise from aircraft flying delayed deceleration approaches was
modeled. Community noise due to arriving aircraft was shown in the data-driven
exploration of Chapter 4 to vary inversely with true airspeed at the far monitor.
This finding was consistent with the delayed deceleration approach concept, which
has been shown to have community noise reduction potential far (> 8 nm) from the

airport.

5.1 Modeled Impacts of Aircraft Weight and Rela-
tive Humidity on Community Noise Exposure

The impact of aircraft weight on noise exposure was modeled for arrivals. A refer-

ence Boeing 737-800 approach into Seattle, shown in Figure 5-1 (a), was modeled at
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approach weights ranging from 70% Maximum Landing Weight (MLW) to MLW in
10% increments. 70% MLW was treated as a lower bound on weight for this study,
since weights below this approach the Operating Empty Weight (OEW).
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Figure 5-1: Example ADS-B velocity and altitude profiles and modeled thrust levels
at different configuration settings

Each approach weight was modeled at each flap setting to determine the corre-
sponding final approach noise. Sound exposure level (SEL) noise results at SEA11,

whose location is shown in Figure 5-1, are given in Figure 5-2.

106



90

® Ciean @ Flaps1 Flaps5 @ Flaps 10
® Flaps1s Flaps25 @ Flaps 30
88
° o
@ 86 ®
= v
m
v 84 ’ v
82
80

70% MLW Predicted Weight MLW

Figure 5-2: Variation in predicted noise with weight for a Boeing 737-800 reference
approach into SEA

The results in Figure 5-2 demonstrate that approach weight has a measurable
effect on noise at clean and lower flap settings (i.e., Flaps 1 - Flaps 5), but for higher
flap settings (i.e., Flaps 25 and above) the effect of weight on noise is diminished. For
the Boeing 737-800, there is a 2-3 dB difference in predicted noise between the 70%
MLW and MLW cases for the Clean - Flaps 5 cases, while the difference is less than
1 dB for Flaps 30. This suggests that at lower flap settings, the increase in thrust
associated with heavier landing weights increases predicted total noise by 2-3 dB.
At higher flap settings, the airframe noise component is more significant, therefore
changes in engine noise due to changes in thrust have less impact on overall noise
than in the case where the airframe is clean. The modeled impact of weight on noise
is consistent with the results of the data-driven approach of Chapter 4, which at the
north close monitor reports the magnitude of the noise impact to be approximately
0.03 dB/1000 1b (note that SEA11 is placed near the north close monitor). For the
30% difference in MLW for the Boeing 737-800, this corresponds to a difference of 1.6
dB at the close and mid monitors. Therefore, estimating weight correctly is critical to
generating realistic thrust and flap configuration estimates, which in turn contribute

to plausible engine and airframe noise estimates, respectively.
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Relative humidity was also shown to impact noise propagation. The impact of
relative humidity was therefore modeled in ANOPP to determine whether modeled
results are consistent with results from the data-driven study of Chapter 4. Attenu-
ation due to relative humidity was modeled in ANOPP using the ANSI S1.26-2014
method [2]. To demonstrate the sensitivity of predicted noise to atmospheric condi-
tions, noise from the baseline A320 flight from Figure 5-1(b) was modeled at SEA11
with the actual relative humidity and temperature recorded during that flight, as
well as with relative humidity values of 20% and 100%, at two operating conditions.
Variations in noise of up to 3 dB are predicted between the 20% and 100% relative hu-
midity cases as shown in Figure 5-3 for the different altitude conditions. The modeled
impact of relative humidity on noise is consistent with the results of the data-driven
approach of Chapter 4, which at the north close monitor reports the magnitude of
the noise impact to be approximately 0.35 dB/10%. For the 80% change in relative
humidity modeled here, this corresponds to a 2.8 dB variation in noise. Note from
the example data shown in Figure 3-4 that the relative humidity at 4000 ft varied
between 80-85%, and that the relative humidity at 1000 ft was approximately 75%.
Therefore, accounting for spatial and vertical variation in relative humidity is essential
to generating reasonable aircraft noise estimates; incorrect assumptions could lead to

noise estimates that vary from measured values by 3 dB.
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Figure 5-3: Example humidity impact on predicted noise for an Airbus A320 flight

5.2 Model-Based Validation of the Delayed Deceler-
ation Approach

Delayed deceleration approaches (DDAs) have previously been identified as a poten-
tial arrival noise abatement procedure [24] [23|. This is consistent with the findings in
the data-driven analysis of factors correlating with aircraft noise of Chapter 4. The
delayed-deceleration approach concept is demonstrated in Figure 5-4, which shows
Boeing 737-800s on approach into Boston Logan Airport (BOS) in 2017. As shown in
Figure 5-4, velocity on approach varies before the final approach stabilization point,
the point at which aircraft must be fully configured for landing. Factors including
air traffic, weather, and airline operations can contribute to this variation in speed.
The mean velocity profile and sample early-deceleration and delayed-deceleration ap-
proaches are highlighted. While flap and slat deployment can occur over a range of
velocities, an aircraft that decelerates early will typically configure earlier than an
aircraft that delays its deceleration. The markers in Figure 5-4 denote the locations

where flaps and slats would be deployed on the early deceleration and delayed decel-
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Adapted from Figure 1 of [23]

eration profiles if configuration deployment occurred at the same speed. In addition,
aircraft that decelerate earlier in the approach will require more thrust to compen-
sate for drag that arises from configuring the slats, flaps, and landing gear earlier
[24] |23]. Reduced engine thrust due to delayed deceleration and flap deployment has
been shown to yield fuel burn reductions [5][23].

The model-based validation was conducted for Boeing 737-800, Airbus A320, and
Embraer E190 flights at Boston Logan International Airport in 2015 and 2016 [17]
and Seattle Tacoma International Airport in 2019. Thrust was modeled based on
weight predicted from final approach speed and assumed flap and slat settings as
described in Chapter 3. Modeled noise for each flight was compared with the noise
recorded by monitors. Measured noise levels for the different aircraft types at varying
velocities were compared to examine potential correlations between the noise levels

and deceleration profiles directly from the data.
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5.3 Validation of Delayed Deceleration Approach Noise
Modeling for Different Aircraft Types

The purpose of this section is to demonstrate the DDA noise modeling validation
methodology at Boston Logan and Seattle-Tacoma International Airports. The noise
monitors analyzed, in addition to the approach paths to the runways at each airport,

are shown in Figure 5-5.
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Figure 5-5: Noise Monitor Networks at (a) BOS and (b) SEA

The analysis of DDA procedures is implemented using operational flights from
ASDE-X, ADS-B and ground monitor data taken from the two study airports. The
potential noise benefit from delayed deceleration approaches occurs beyond 8 nautical
miles from the runway ends. Noise monitors are not always available in the desired
locations for validation. Seattle-Tacoma International Airport has noise monitors
that are placed beyond 8 nautical miles from the runway ends as shown in Figure 5-5.

At Boston Logan International Airport, shown in Figure 5-5 (a), noise monitor
installation locations (shown in blue) are not necessarily far enough from runway

ends to address the region of concern for the procedures like the delayed deceleration
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approach. Therefore, a separate monitoring campaign that ran between 2015 and
2016 was used to obtain data at Boston. ASDE-X was used to provide aircraft
surveillance data, while noise monitor data was collected from three Briiel & Kjeer
(B&K) sentinel noise monitors placed under the runway 221 RNAV approach path as
described in [17]. These monitors are labeled as Noise Monitor A, B, and C in Figure
5-5 (a). Aircraft in the dataset included Boeing 737-800s and Embraer E190s. Flights
recorded by the monitors were converted into Sound Exposure Level and correlated to
noise measurements. Altitude, groundspeed, and lateral track data from the Boston
Logan ASDEX, and NOAA Rapid Refresh weather data at the three noise monitor
locations, were gathered for each aircraft approaching runway 22L. Aggregate altitude
and indicated airspeed profiles for the Boeing 737-800 and Embraer 190 are shown
in Figure 5-6 and Figure 5-7, respectively. Aggregating flights as shown in these two
figures makes clear the variation in altitude and airspeed for each approach to runway
22L. Tt is therefore of interest to identify flights that follow conventional deceleration
profiles and aircraft that delay deceleration at the same altitude in order to isolate

the effect of airspeed on the noise profiles generated by these flights.
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Figure 5-6: Operational Boeing 737-800 Arrival Profiles, BOS RWY 22L

112



12000 ‘ ‘ 350

Conventiona

10000 300 |Deceleration Delayed |
— m ’\l Deceleration
= 8000} ~ ] £ 250 — — / ]
[0 o S
T 6000 | \\ © 200 | S ]
= SN Q
Z 4000 —~ ® 150

<

RN | . I \
2000 x 100 ~"
NM.C. INM.B INM.A NM.C. NM.B INM.A

0 50
-30 -20 -10 0 -30 -20 -10 0
Ground Track Distance (nmi) Ground Track Distance (nmi)
(a) Aggregate Altitude Profiles (b) Aggregate Indicated Airspeed Profiles

Figure 5-7: Operational Embraer E190 Arrival Profiles, BOS RWY 22L

In addition, noise monitor data collected by the Port of Seattle was gathered for
this analysis. Seattle Tacoma Airport publishes noise recordings for monitors located
up to 14 nmi from the runway ends. Noise recordings for approaches into runways
16L/16C/16R during November 2019 were gathered for this analysis. The associated
operational flight profiles were obtained from the OpenSky ADS-B database [19]
and included Boeing 737-800s and Airbus A320s. As with the Boeing 737-800s and
Embraer 190s at Boston, altitude and indicated airspeed profiles were aggregated for
A320 arrivals into runways 16L/16C/16L during the November 2019 period. Note
that here, the number of total flights shown is less than the number shown for 737-
800s and E190s at Boston because weather data from NOAA Rapid Refresh was less
available for the time period of interest. Even with fewer aggregate overflights, there
was enough variation in the indicated airspeed profiles given in Figure 5-8 to identify

conventional and delayed deceleration approaches.
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Figure 5-8: Operational Airbus A320 Arrival Profiles, SEA RWY 16L/C/R

5.3.1 Flap Extension Assumptions

Flap settings were not known a priori from surveillance data sources such as ASDEX.
Therefore, noise results were modeled for different flap settings for each flight.

The indicated airspeed profiles obtained from the operational ASDE-X data col-
lection campaign were used to define reasonable flap extension locations for the three
aircraft. Indicated airspeed was used as the basis for flap extension assumptions for
two reasons. First, manufacturers publish flap speeds based on indicated airspeed,
and pilots extend flaps using indicated airspeed as a primary reference. Second, using
indicated airspeed ensured that winds aloft did not affect assumptions regarding flap
extension.

Flap extension was assumed to occur 10 knots below the maximum published flap
speed for each aircraft, which was included in BADA [6]. These extension speeds are
summarized in Tables 5.1 - 5.3. Note that for the Embraer 190, Flaps 1 and Flaps 3

were omitted because drag data for these configurations was unavailable in BADA.

Table 5.1: B737-800 Flap Extension Speeds

Flap Setting Flaps 1 Flaps 5 Flaps 10 Flaps 15 Flaps 25 Flaps 30
Extension Speed |[KIAS| 230 210 200 190 180 165
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Table 5.2: E190 Flap Extension Speeds

Flap Setting Flaps 2 Flaps 4 Flaps Full
Extension Speed [KIAS|] 205 170 155

Table 5.3: A320 Flap Extension Speeds

Flap Setting CONF1 CONF2 CONF3 FULL
Extension Speed [KIAS| 220 190 175 167

5.3.2 Comparison of Modeled and Measured Noise

An example of the noise validation analysis is shown in Figure 5-11, which depicts a
737-800 approaching Runway 22L at Boston Logan International Airport. The air-
craft overflew monitors C, B, and A at 20, 15, and 14 nmi to touchdown, respectively.
The velocities in this profile begin at 235 knots over Noise Monitor C, 210 knots
over Noise Monitor B, and 190 knots over Noise Monitor A. The groundspeed was
converted to true and indicated airspeed in the regions where noise was modeled. In
addition, the wind, temperature, and pressure near the runway were used to obtain
the final approach airspeed V,pproach, for weight estimation as defined in Equation 3.1.
As mentioned in section 5.3.1, configuration deployment schedules were assumed
for the thrust and weight predictions. Thrust and the resulting noise were modeled
for each configuration setting. This is shown in Figure 5-9 (a), which shows the
altitude, indicated airspeed, and modeled thrust profiles for this flight over the various
configuration settings. The indicated airspeed profile also shows in gray the locations
where each configuration change would have been made if deployment were to have
occurred at 10 knots below the maximum flap speed for each setting. Landing gear
was assumed to be retracted over the three noise monitors. Finally, the modeled
thrust profiles for each of the flap setting assumptions are shown for reference.
Figure 5-9 (b) shows modeled noise results for each flap setting assumption in

terms of Sound Exposure Level (SEL) in dB plotted with the measured noise at each
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monitor location. Each dot represents the modeled noise for each configuration from

clean to Flaps 25, and the actual monitor readings are denoted by the black asterisk.
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Figure 5-9: Boeing 737-800 early deceleration flight profile and noise modeling results
compared to measured ASDE-X data

Figure 5-9 shows that there is a variation in the modeled noise of up to 7 dB SEL
for a given location depending on the configuration setting assumed, suggesting that
configuration deployment can account for some of the variation seen typically seen in
noise monitor data. In addition, the modeled results appear to be consistent with the
measured data when flap and slat changes are considered, and flap settings implied
for a given location appear to be reasonable based on the expected setting for the
velocity in that region. More specifically, the noise measurements and model results
imply that the aircraft was configured with Flaps 5 or 10 over noise monitor C, which
is expected given the early deceleration. Likewise the results imply that the aircraft
was at Flaps 10 over noise monitors B and A.

This trend is observed for various velocity profiles. An example of this analysis for
a Boeing 737-800 that flew a delayed deceleration profile is shown in Figure 5-10 and
an additional conventional, or intermediate, deceleration profile is shown in Figure

5-11.
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The velocity profile in Figure 5-10 (a) shows the aircraft maintained a velocity of
215 knots over noise monitors C, B, and A before continuing its deceleration to the
final approach speed during the 3,000 ft level segment. The noise results in Figure
5-10 (b) imply that a clean flap setting was maintained over all three monitors when
compared to the measured noise results, which is consistent with the constant 215-

knot velocity held over each monitor.
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Figure 5-10: Boeing 737-800 delayed deceleration flight profile and noise modeling
results compared to measured ASDE-X data

The velocity profile in Figure 5-11 (a) shows the aircraft overflew noise monitor
C at 230 knots before decelerating to 210 knots and 190 knots over monitors B and
A respectively. The noise results in Figure 5-11 (b) imply that the aircraft overflew
noise monitor C in a clean configuration, and that the aircraft overflew monitors B
and A with Flaps 5 deployed. These results are consistent with the velocities over

each monitor.
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Figure 5-11: Boeing 737-800 intermediate deceleration flight profile and noise model-
ing results compared to measured ASDE-X data

Measured and modeled noise were compared for the Embraer E190 using data
at Boston Logan International Airport. Figure 5-12 (a) shows altitude and velocity
ASDE-X data and modeled thrust of example conventional and delayed deceleration
profiles that flew into runway 22L. Representative configuration deployment locations
based on the flap deployment assumptions from Table 5.2 are shown in grey, along
with the modeled thrust for those assumptions. Figure 5-12 (b) and (c) show the
associated modeled and measured noise over each monitor. For the conventional
deceleration case, the noise results for Flaps 2 were consistent with the monitor C
and B readings, while the noise results for Flaps 4 were consistent with the monitor
A reading. These in turn were is consistent with the velocity profile. For the delayed
deceleration case, the velocity was about 230 knots as the aircraft overflew each
monitor. In this case, the noise results for the clean configuration were consistent

with the monitor readings, which is also consistent with the velocity profile.
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Figure 5-12: Embraer E190 flight profile and noise modeling results compared to
measured ASDE-X data

Measured and modeled noise were compared for Airbus A320. Example A320
altitude and velocity data for conventional and delayed deceleration approaches to
Runway 16 at SEA were used and are shown in Figure 5-13 (a), along with repre-
sentative configuration deployment assumptions from Table 5.3 and modeled thrust.
The associated modeled and measured noise over monitors 3, 9, and 11 are shown in
Figure 5-13 (b) and (c¢). For the conventional deceleration case, the noise results for
CONF 2, CONF 3, and FULL were consistent with the monitor 3, 9, and 11 readings
respectively which were consistent with the velocity profile. For the delayed deceler-
ation case, the velocity was about 215 knots as the aircraft overflew Noise Monitor 3
and then decelerated to a similar profile to the conventional case over monitors 9 and
11. In this case, the noise results for CONF 1 were consistent with the Noise Monitor

3 reading.
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Figure 5-13: Airbus A320 flight profile and noise modeling results compared to mea-
sured ADS-B data

Results for these analyses suggest that modeled noise from ASDE-X and ADS-B
observations corrected for atmospheric conditions were consistent with noise monitor
readings under reasonable flap setting assumptions for most cases. In addition, the
modeled results suggest that there is noise reduction potential for delayed deceleration
approach procedures compared to approaches that decelerate and configure early, the

study of which is the objective for the next section.

5.4 Delayed Deceleration Approach Noise Impacts
on Measured Data

The purpose of this section is to use noise monitor data to demonstrate that aircraft
flying at the same altitude may generate different noise signatures by flying at different
velocities. Data-observed relations between speed, configuration, and noise can be

applied to the design of procedures like delayed deceleration approaches.
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Surveillance and noise monitor data from the two study airports were used in this
examination. There may be significant variation in noise monitor readings due to flap,
thrust, and weather effects. Therefore, flights that overflew noise monitors at the same
altitude but with enough variation in velocity profiles to imply different flap settings
were isolated. At Boston Logan International Airport, flights over Noise Monitor
A had the greatest variation in speed profiles, while at Seattle Tacoma International
Airport, flights overflying Noise Monitor 3 had the greatest variation in speed profiles.
The flap velocities from tables 5.1-5.3 were used to infer potential flap settings for
different velocities.

First, various Boeing 737-800 approaches into Boston and Seattle are shown. The
comparison was performed between flights with velocities greater than 220 knots and
flights below 220 knots. Aircraft flying faster than 220 knots were likely cleanly config-
ured, while aircraft flying below 220 knots were likely to have deployed flaps. Boeing
737-800s flying below the 220-knot DDA threshold before the monitor were expected
to overfly with Flaps 5 or greater deployed. The collection of Boeing 737-800 flight
profiles with altitudes within 100 feet of each other when the aircraft overflew noise
monitors is shown in Figure 5-14. Flights with velocity greater than 220 knots prior
to flying over Boston Noise Monitor A and Seattle Noise Monitor 3 were designated
as delayed deceleration approaches and were colored grey. Flights with velocities less

than 220 knots prior to flying over these noise monitors were colored black.
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Figure 5-14: Boeing 737-800 surveillance data and measured noise over monitors at
BOS and SEA for different velocity profiles

Although the overflight altitudes were similar in these examples, variations in the
atmospheric conditions were expected to result in variations to the recorded noise for
the same operational setting. However, the data presented indicates higher average
noise when the aircraft flew below the 220-knot DDA threshold compared to the
cases where the aircraft overflew the monitors above the 220 knot threshold. The
average difference between the loudest early deceleration approaches and quietest
delayed deceleration approaches was 6.5 dB. The quietest (71.0 dB) overflight, which
occurred at Boston over noise monitor A (Figure 5-14 ¢), was a delayed deceleration

approach, while the loudest (81.0 dB) overflight, which also occurred at Boston noise
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monitor A (Figure 5-14 a), was an early deceleration approach.

Next, Airbus A320 approaches into Seattle are shown. The collection of A320
flight profiles with altitudes within 100 feet of each other when the aircraft overflew
noise monitor 3 is shown in Figure 5-15. For the Airbus A320 profiles shown in
Figure 5-15, 200 knots was identified as the DDA threshold. Aircraft that flew below
the 200-knot DDA threshold prior to the noise monitor were expected to have been
configured with CONF 1 or greater. Flights with velocities greater than 200 knots
when they overflew Seattle noise monitor 3 were designated as delayed deceleration
approaches and were colored grey. Flights with velocities less than 200 knots prior to
flying over the noise monitors were colored black.
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Figure 5-15: A320-200 ADS-B data and measured noise over monitors at SEA for
different velocity profiles

Like with the Boeing 737-800, the data presented indicates higher average noise
when the aircraft flew below the 200-knot DDA threshold compared to the cases
where the aircraft overflew the monitors above the 200-knot threshold. The average
difference between the loudest early deceleration approaches and quietest delayed
deceleration approaches was 3.0 dB. Although the magnitude of this difference was
4.0 dB less than the average difference presented for the Boeing 737-800, note that
the profiles shown in Figure 5-15 predict that the DDAs overflew noise monitor 3
with flaps set to CONF 1, while all DDA overflights for the Boeing 737-800 occurred
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when the aircraft was flying in a clean configuration. Hence, a truly impactful DDA
procedure would set a speed restriction such that aircraft approach the airport with a
clean configuration over the noise abatement areas. The quietest (73.5 dB) overflight
was a delayed deceleration approach, while the loudest (76.5 dB) overflight was an
early deceleration approach.

Finally, Embraer E190 approaches into Boston are shown. The collection of E190
flight profiles with altitudes within 100 feet of each other when the aircraft overflew
Boston noise monitor A is shown in Figure 5-16. For the profiles shown in Figure
5-16, 205 knots was identified as the DDA threshold. Aircraft flying below the 205-
knot DDA threshold prior to the monitor were expected to be configured with Flaps
2 or greater. Flights with velocity greater than 205 knots when they overflew Seattle
noise monitor 3 were designated as delayed deceleration approaches and were colored
grey. Flights with velocities less than 205 knots prior to flying over the noise monitor

were colored black.
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Figure 5-16: Embraer E190 ASDE-X data and measured noise over monitors at BOS
for different velocity profiles

The Embraer E190 overflights generated higher average noise when the aircraft
flew below the 205-knot DDA threshold compared to the cases where the aircraft over-
flew the monitors above the 205 knot threshold. The average difference between the
loudest early deceleration approaches and quietest delayed deceleration approaches

was 3.0 dB. Note again that for all flyovers, the aircraft was assumed to be configured
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with Flaps 2. Hence, it is of interest to design delayed deceleration procedures such
that aircraft overfly the noise abatement area with a completely clean configuration.
Had the DDA shown in Figure 5-16 been predicted to have flown with a clean config-
uration, the magnitude of this average difference would likely be greater. Like with
the 737-800 and A320, the quietest (70.0 dB) overflight was a delayed deceleration
approach, while the loudest (73.0 dB) overflight was an early deceleration approach.

On average across the different aircraft types, cases for which overflights occurred
above the DDA thresholds resulted in quieter noise recordings than those of aircraft
that were below the DDA threshold prior to the monitors. These results indicate
potential noise benefits for delayed deceleration approaches compared to procedures
where aircraft decelerate and deploy flaps earlier due to the delay in the onset of flap

noise.
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Chapter 6

Conclusion and Future Work

This thesis presented a framework to model aircraft noise using open-source surveil-
lance data, performed a data-based exploration of the factors that correlate with
departure and arrival noise, and performed a model-based validation of the factors
correlating with noise for arrivals.

The aircraft noise modeling framework demonstrated that readily-available surveil-
lance and noise monitoring data can be used to model aircraft performance and com-
munity noise exposure. This measurement comparison can be developed into a large
dataset. With a large dataset, the analytical methods presented can be used to
identify potential noise sources not yet identified by the models. Furthermore, noise
models can be developed using data mining techniques.

The data-driven exploration of factors correlating with noise demonstrated that
variation in departure noise can be attributed to operator-specific climb procedures,
aircraft weight, and environmental factors. Altitude was shown to have the strongest
effect on community noise exposure. Airline-specific procedures with higher thrust
and higher initial climb gradients were observed to have lower noise exposure. This
finding may help inform the development of new noise abatement departure proce-
dures. For arrivals, aircraft flying at higher true airspeeds far from the airport were
found to generate less community noise in some cases. Future validation studies may
examine the impact of specific airline standard operating procedures on aircraft noise.

Data from flight data recorders can also be used to obtain precise configuration and
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weight data. Finally, environmental factors including ambient wind and relative hu-
midity were shown to have impacts on climb performance (headwind), advection of
noise (crosswind), and attenuation of noise (relative humidity).

The model-based validation of delayed deceleration approach procedures flown
by Boeing 737-800, Airbus A320, and Embraer E190 demonstrated that modeled
results were consistent with recorded monitor data when the weight, weather, and
configuration settings were modeled. The results demonstrated significant variation
in the noise depending on the configuration setting assumed, and that lower noise
levels were achieved when the aircraft was maintained in a clean configuration for
a longer duration of the procedure. In the future, a model-based validation of the
departure procedure identified in the data-driven exploration can be conducted. The
modeled noise from aircraft with steep climb gradients would be expected to be lower
than the noise from aircraft with shallower climb gradients.

Notably, the analysis in this thesis was conducted using only Boston ASDE-X and
Seattle ADS-B data. While flight data recorder data would help verify assumptions
about flap setting, weight, and thrust, it is not necessary for noise prediction. When
combined with atmospheric corrections, easily obtainable ASDE-X or ADS-B data

can be used for future noise validation efforts.
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Appendix A

Boeing 737NG Departure Noise

Trends at Seattle North Monitors
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Figure A-1: Trends for the Boeing 737NG at the north close monitor
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Figure A-2: Trends for the Boeing 737NG at the north mid monitor
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Appendix B

Airbus A320 Departure Noise Trends

at Seattle North Monitors
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Appendix C

Airline Performance Parameter

Averages

B737NG Departures

Average departure performance parameters for the B737NG at the south close, mid,
and far monitors are summarized for each airline in Tables C.1, C.2, and C.3, respec-
tively.

Table C.1: B737NG Departure Performance Parameter Averages by Airline, South
Close Monitor.

Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path
[dB] [ft] Eng. [Ib] [1b] [KTAS] | Angle [deg]
AL1 88.1 2026 9781 124584 195 3.3
AL3 88.1 1980 10278 124989 204 3.1
AL4 88.6 2044 9960 123929 203 3.0
ALG6 86.3 2160 10982 123248 200 4.0
AL7 89.4 1877 10225 122262 205 3.7
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Table C.2: B737NG Departure Performance Parameter Averages by Airline, South
Mid Monitor

Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path
[dB] [£t] Eng. [1b] [Ib] [KTAS] | Angle [deg]
AL1 84.7 2615 10306 124491 215 3.9
AL3 84.2 2473 10707 124838 228 4.2
AL4 85.0 2546 10426 124039 227 3.9
ALG6 82.0 2788 10985 123310 218 5.8
AL7 85.2 2606 10509 122288 221 5.9

Table C.3: B737NG Departure Performance Parameter Averages by Airline, South
Far Monitor

Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path
[dB] [ft] Eng. [Ib] [1b] [KTAS] | Angle [deg]
ALl 82.6 3709 10698 124335 258 7.8
AL3 81.4 3932 10401 125539 255 5.9
AL4 82.1 4077 10586 123818 258 6.3
ALG 78.3 4511 11533 122709 254 6.0
AL7 80.6 4578 11307 120706 254 5.4

A320 Departures

Average departure performance parameters for the Airbus A320 at the south close,
mid, and far monitors are summarized for each airline in Tables C.1, C.2, and C.3,

respectively.
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Table C.4: A320 Departure Performance Parameter Averages by Airline, South Close
Monitor

Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path

[dB] [£t] Eng. [lb] [1b] [KTAS] | Angle [deg]
AL1 88.2 2299.2 10586 141932 187 3.7
AL3 86.1 2199.1 11233 137469 185 3.3
AL4 86.9 2382.6 11299 134457 190 3.5
AL7 86.4 2195.1 11067 136489 194 3.3
AL9 88.0 2049.3 10407 138166 191 2.2
AL10 | 86.3 2389.3 10266 139852 183 3.0
AL11 | 88.1 2324.6 11364 139996 188 3.5
AL12 | 85.5 23354 10627 137139 184 3.0

Table C.5: A320 Departure Performance Parameter Averages by Airline, South Mid
Monitor

Atrline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path

[dB] [ft] Eng. [Ib] [1b] [KTAS] | Angle [deg]
ALl 84.3 2839 9792 141898 200 2.8
AL3 83.5 2713 11041 137751 208 3.0
Al4 84.6 2931 11696 134359 218 3.7
AL7 83.6 2780 11109 136608 215 4.4
AL9 84.5 2990 11245 136723 205 3.5
AL10 | 83.0 2854 10415 140005 200 2.8
AL11 | 844 2839 10503 139776 207 3.1
AL12 | 83.0 2802 10737 137265 208 3.2
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Table C.6: A320 Departure Performance Parameter Averages by Airline, South Far

Monitor
Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path
[dB] [£t] Eng. [1b] [1b] [KTAS] | Angle [deg]
AL3 84.3 2839 9792 141898 200 2.8
ALA4 80.5 4676 12836 133496 262 7.9
AL7 79.7 4516 13576 135702 257 6.4
AL11 | 80.6 4204 14014 136580 263 8.5

B737TNG Arrivals

Average arrival performance parameters for the B737NG at the three monitors are

summarized for each airline in Tables C.9, C.8, and C.7, respectively.

Table C.7: B737TNG Arrival Performance Parameter Averages by Airline, North Far

Monitor

Airline SEL | Altitude | Thrust Per | Weight | Airspeed | Flight Path
[dB] [ft] Eng. [Ib] [1b] [KTAS] | Angle [deg]
AL1 77.3 4263 987 106414 217 -2.5
AL3 76.9 3997 2625 104447 198 -1.3
Al4 76.2 4052 2334 109725 204 -1.1
AL6 77.6 4001 3023 99812 187 -2.5
AL7 74.9 3949 1438 109103 213 -14
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Table C.8: B7T37TNG Arrival Performance Parameter Averages by Airline, North Mid
Monitor

Airline SEL | Altitude | Thrust Per | Weight | TAS | Flight Path

[dB] [ft] Eng. [lb] [Ib] [KIAS] | Angle [deg]
ALl 81.8 2219 3050 105121 174 -3.1
AL2 79.7 2196 4824 98581 174 -3.1
AL3 80.9 2241 3903 104073 175 -3.1
ALA4 80.9 2224 3919 108644 175 -3.0
AL5 81.0 2222 4369 104849 169 -3.1
ALG 80.6 2209 3751 98086 174 -3.0
AL7 80.8 2230 3443 106341 176 -3.1

Table C.9: B737NG Arrival Performance Parameter Averages by Airline, North Close
Monitor

Airline SEL | Altitude | Thrust Per | Weight | TAS | Flight Path

[dB] [ft] Eng. [Ib] [1b] [KIAS] | Angle [deg]
ALl 86.3 1087 5373 104659 150 -3.0
AL2 85.6 1113 4585 98780 145 -3.0
AL3 86.3 1099 4726 104373 150 -3.1
AL4 86.4 1094 5203 108927 150 -3.1
AL5 85.6 1106 5102 106525 149 -2.9
AL6 85.4 1095 4310 97319 142 -3.0
ALT 86.3 1101 5056 106107 149 -3.1

A320 Arrivals

Average arrival performance parameters for the A320 at the three monitors are sum-

marized for each airline in Tables C.12, C.11, and C.10, respectively.
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Table C.10:

A320 Arrival Performance Parameter Averages by Airline, North Far

Monitor
Airline SEL | Altitude | Thrust Per | Weight | TAS | Flight Path
[dB] [ft] Eng. [lb] [Ib] [KIAS] | Angle [deg]
ALl 76.5 4364 71 114126 208 -1.3
AL3 76.5 4117 973 111219 199 -1.2
ALA4 76.0 4101 960 106715 202 -1.3
AL7 75.0 4369 616 114664 217 -2.3
AL11 | 82.9 4595 2915 111541 212 -2.1
Table C.11: A320 Arrival Performance Parameter Averages by Airline, North Mid
Monitor
Airline SEL | Altitude | Thrust Per | Weight | TAS | Flight Path
[dB] [ft] Eng. [Ib] [1b] [KIAS] | Angle [deg]
AL1 80.8 2224 2904 125625 173 -2.9
AL3 81.3 2202 3317 112709 176 -3.0
AL4 81.5 2197 3016 109577 174 -2.9
AL7 80.4 2212 2788 112439 172 -3.1
AL9 82.3 2286 3585 104204 161 -3.1
AL10 | 80.1 2228 3436 112678 173 -3.0
AL11 | 80.2 2200 3248 116019 174 -3.0
AL12 | 78.9 2201 2510 113555 174 -2.8
AL13 | 834 2302 2684 104551 182 -3.1
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Table C.12: A320 Arrival Performance Parameter Averages by Airline, North Close
Monitor

Airline SEL | Altitude | Thrust Per | Weight | TAS | Flight Path

[dB] [ft] Eng. [lb] [Ib] [KIAS] | Angle [deg]
ALl 85.5 1098 D712 124975 147 -3.0
AL3 85.8 1091 4615 112614 141 -3.0
ALA4 85.6 1095 4794 109776 137 -3.0
AL7 84.2 1104 4706 111949 140 -3.0
AL9 86.4 1099 5627 103797 139 -2.5
AL10 | 86.5 1117 4906 113943 140 -3.0
AL11 | 84.8 1083 4921 115871 144 -3.0
AL12 | 845 1110 5356 113574 137 -2.9
AL13 | 83.7 1161 5116 106572 135 -2.8
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	1.1 The Aircraft Community Noise Problem 
	Noise due to aircraft departures and arrivals is a significant environmental impact of commercial aviation. Mitigating noise exposure is a key sustainability objective within the aviation industry and will grow in significance as a larger portion of the global population begins to fly. There are two primary strategies to reducing airplane noise. One is to develop quieter aircraft and engines. However, it will take decades for quieter aircraft to replace existing louder aircraft operating within the global f

	1.2 Thesis Objective 
	1.2 Thesis Objective 
	This thesis took a data-driven approach to identifying the factors that correlate with aircraft noise to determine the factors that influence community noise. These findings may be useful in developing new noise abatement flight procedures. Aggregate 
	This thesis took a data-driven approach to identifying the factors that correlate with aircraft noise to determine the factors that influence community noise. These findings may be useful in developing new noise abatement flight procedures. Aggregate 
	-

	departure and arrival flight procedures, and their corresponding noise measurements, were examined so that factors that correlate with measured noise could be isolated. Operational flights at Seattle-Tacoma International Airport were examined using a framework that includes ADS-B data, a force balance kinematics model to estimate aircraft performance, and noise monitor recordings from the Port of Seattle Aircraft Noise Monitoring System. Variation in measured departure and arrival noise at various monitors 
	-
	-
	-
	-


	Once the factors correlating with noise were identified, a model-based approach to validating advanced operational flight procedures designed to reduce community noise exposure was taken. Delayed-deceleration approaches were identified as having potential to reduce noise due to arriving aircraft and were modeled using a framework that used the NASA Airplane Noise Prediction Program (ANOPP), a component-based aircraft noise model. The impacts of aircraft weight and relative humidity were also modeled since t
	In summary, the thesis objective was to: 
	• 
	• 
	• 
	Present a framework to model aircraft noise using open-source surveillance data, source component-based models, and aircraft performance parameters. 

	• 
	• 
	Perform a data-based exploration of the various factors that correlate with departure and arrival noise. 

	• 
	• 
	Perform a model-based validation of the factors identified in the data-based exploration using the aircraft noise modeling framework. 
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	Aircraft Noise Sources, Metrics, Models, and Noise Abatement Procedures 
	Aircraft Noise Sources, Metrics, Models, and Noise Abatement Procedures 
	2.1 Sources of Aircraft Noise 
	2.1 Sources of Aircraft Noise 
	Aircraft noise can be categorized into two primary categories, each with its own subcategories. The two main categories are airframe noise and engine noise. 
	-

	Airframe noise refers to the noise generated by an aerodynamic body moving through a fluid, causing the flow to become turbulent. Noise arises from this turbulent flow and is an energy loss. Airframe noise typically occurs in areas where there are sharp geometry changes or where non-aerodynamic bodies are exposed to the oncoming free-stream flow. Sources of airframe noise include: 
	• 
	• 
	• 
	Landing Gear, whose cylindrical struts, linkages, exposed wires, and tires lead to periodic vortex shedding and represent a dissipation of energy; 

	• 
	• 
	Slats, designed to increase the stall angle of attack by changing the geometry of the wing leading edge; 

	• 
	• 
	• 
	Flaps, which increase lift coefficient at a given angle of attack by increasing 

	wing camber (and for most jet transport category aircraft, wing area), increasing airframe noise. Flaps may be slotted to further increase lift coefficient, which may further increase noise; and 

	• 
	• 
	Wing and Tail Trailing Edge, where turbulent boundary layers on the top and bottom surfaces of the mix and interact with the surrounding flow [8]. 


	Engine noise depends on the type of engine architecture. Turbofan engines are assumed in this thesis, but noise due to open-rotor turboprop engines remains an active area of research given the potential fuel-burn reduction from aircraft with higher bypass-ratio engines. Sources of turbofan engine noise include: 
	• 
	• 
	• 
	Fan Noise, where shocks form due to supersonic tip mach numbers and turbulent flow interacts with fan blades and stator vanes; 
	-


	• 
	• 
	Core Noise, which refers to the noise due to the high-pressure and low-pressure compressors, combustor, and turbine, in addition to the noise from air combusting within the core; and 
	-


	• 
	• 
	Jet Noise, which refers to turbulent, high-speed flow exiting the compressor and mixing with the slower ambient fluid or bypass stream 


	While each component of engine and airframe noise contributes to the total aircraft noise, perceived noise is characterized by a dominant noise source, which refers to the loudest component. The dominant noise source may vary with flight state, meaning that in some cases, the engine noise may dominate the airframe noise, and in other cases, the airframe noise may dominate the engine noise. Engine noise typically dominates during departure, where the aircraft is in a high-thrust state and slats and flaps are

	2.2 Aircraft Noise Metrics 
	2.2 Aircraft Noise Metrics 
	Noise propagates due to a compression and rarefaction of ambient air molecules [25]. This means that noise can be modeled by a sinusoidal function with characteristic amplitude and a frequency. Amplitude corresponds to loudness, and frequency to pitch. Amplitude is measured in decibels and is defined as a ratio of two sound pressures, and is expressed as the Sound Pressure Level (SPL) in Equation 2.1. 
	Sound Pressure Level [dB] = 20 log(P/P) (2.1) 
	1
	2

	Various noise metrics are defined as functions of sound pressure level. The two most relevant to this thesis are given below and shown in Figure 2-1. 
	• 
	• 
	• 
	L𝐴,𝑀 𝐴𝑋 :L𝐴,𝑀 𝐴𝑋 is the maximum A-weighted sound pressure level measured during an overflight event. A-weighting reduces the decibel values of low-frequency sounds and is applied because the human ear is more sensitive to high-frequency sounds than to low frequency sounds [20]. 

	• 
	• 
	Sound Exposure Level (SEL): SEL is a time-integration of the A-weighted 𝐴,𝑀𝐴𝑋 . 
	sound pressure level over all SPL values within 10 dB of L



	Figure
	Figure 2-1: Noise Metric Definitions 

	2.3 Aircraft Noise Modeling Methodologies 
	2.3 Aircraft Noise Modeling Methodologies 
	Two common aircraft noise models are Noise-Power Distance (NPD) Models and Component-Based Models. Noise-Power Distance methods model aircraft noise as interpolations of airframe and engine noise data produced by manufacturers or obtained during certification flight tests. NPD models assume that airframe and engine noise correlate with thrust. NPD models are used in the Federal Aviation Administration (FAA) Aviation Environmental Design Tool (AEDT) [7] and offer users the ability obtain quick estimates of a
	-
	-


	2.4 Noise Abatement Procedures 
	2.4 Noise Abatement Procedures 
	Noise abatement procedures are an operational means of reducing community noise exposure due to departing and arriving aircraft. Noise abatement departure procedures (NADPs) are designed to reduce noise due to aircraft departures. NADP1 and NADP2 were set out by the International Civil Aviation Organization (ICAO) and were designed to reduce departure noise at varying distances from the airport. NADP1 is intended to reduce departure noise close to the airport, while NADP2 is intended to reduce departure noi
	Noise abatement procedures are an operational means of reducing community noise exposure due to departing and arriving aircraft. Noise abatement departure procedures (NADPs) are designed to reduce noise due to aircraft departures. NADP1 and NADP2 were set out by the International Civil Aviation Organization (ICAO) and were designed to reduce departure noise at varying distances from the airport. NADP1 is intended to reduce departure noise close to the airport, while NADP2 is intended to reduce departure noi
	-
	-
	-

	speed calculated prior to departure. At 3000 ft, the aircraft retract flaps, accelerate to 250 knots, and then climb at constant airspeed until reaching 10000 ft. NADP1 and NADP2 are shown in Figure 2-2. 

	Figure
	Figure 2-2: Noise Abatement Departure Procedure (NADP) 1 and 2 [22] 
	The delayed deceleration approach (DDA) has been proposed to reduce community noise due to aircraft arrivals far (> 8 nm) from the airport. Delaying deceleration delays slat and flap deployment to the final approach stabilization point, potentially reducing airframe noise during the portion of the flight for which the aircraft remains cleanly configured. There is also potential for aircraft performing DDAs to produce less engine noise during the portions of the flight where flaps and slats remain retracted.
	-
	-
	-

	Figure
	Figure 2-3: Delayed Deceleration Approach. Figure from [17] 
	Figure 2-3: Delayed Deceleration Approach. Figure from [17] 


	Chapter 3 


	Methodology 
	Methodology 
	This chapter presents the framework used to model aircraft performance and noise, and the sources used to acquire the data used by the framework. Modeling aircraft performance was required to obtain estimates for aircraft weight and thrust given assumptions about aircraft landing gear, slat, and flap configuration. Weight and thrust were used in the data-driven exploration of factors contributing to aircraft noise as described in Chapter 4, and were also required for the model-based validation of noise desc
	3.1 Noise Modeling Framework 
	3.1 Noise Modeling Framework 
	The noise modeling framework used aircraft surveillance (ASDE-X or ADS-B) data and weather data to model aircraft performance. Performance estimates from the framework were used to model noise in the NASA Airplane Noise Prediction Program [26]. Aircraft groundspeed provided by aircraft surveillance data was converted to true airspeed using wind data from the NOAA Rapid Refresh numerical weather model [3]. True airspeed was converted to indicated airspeed using atmospheric pressure and density. Slat, flap, a
	The noise modeling framework used aircraft surveillance (ASDE-X or ADS-B) data and weather data to model aircraft performance. Performance estimates from the framework were used to model noise in the NASA Airplane Noise Prediction Program [26]. Aircraft groundspeed provided by aircraft surveillance data was converted to true airspeed using wind data from the NOAA Rapid Refresh numerical weather model [3]. True airspeed was converted to indicated airspeed using atmospheric pressure and density. Slat, flap, a
	and thrust. Thrust estimates were fed into TASOPT (Transport Aircraft System OPTimization) [4] to obtain internal engine states. Internal engine states and aircraft geometry were fed into NASA ANOPP, which provided noise estimates at the monitor locations of interest. Modeled noise was compared to SEL measurements taken by noise monitors. A summary of the framework defined in this section follows in Figure 3-1. 

	Figure
	Figure 3-1: Aircraft Performance and Noise Modeling Framework used for the Data-Driven Exploration and Model-Based Validation of Factors Correlating with Aircraft Noise 

	3.2 Data Sources 
	3.2 Data Sources 
	3.2.1 Noise Monitor Data 
	3.2.1 Noise Monitor Data 
	Noise monitor data from the Port of Seattle Noise Monitoring System was used to obtain flyover noise measured in SEL for aircraft departing and arriving from Seattle. The Port of Seattle Noise Monitoring System is shown in Figure 3-2. 
	Figure
	Figure 3-2: Port of Seattle Noise Monitoring System 
	Figure 3-2: Port of Seattle Noise Monitoring System 


	Noise data measured in SEL from monitors placed along the flight path to the RNAV 22L approach at Boston Logan International Airport was used to examine arrival noise at Boston. The monitors examined at Boston Logan International Airport are shown in Figure 3-3. 
	-

	Figure
	Figure 3-3: Boston Logan International Airport Noise Monitor Network. Monitor examined are shown in red 

	3.2.2 Aircraft Data 
	3.2.2 Aircraft Data 
	Aircraft Trajectory and Operator Data 
	ASDE-X Data was used to obtain aircraft data at Boston including aircraft type, aircraft operator, altitude, lateral position, and groundspeed. ADS-B Data from the OpenSky Network [19] was used to obtain aircraft the same data at Seattle. 
	Aircraft Performance Data 
	The Eurocontrol Base of Aircraft Data (BADA), a database of performance parameters from commercial aircraft manufacturers [16], was used to obtain drag data for the aircraft examined in Chapters 4 and 5. Drag data was used to calculate thrust for each aircraft type. 
	-


	3.2.3 Weather Data 
	3.2.3 Weather Data 
	Weather data including wind, temperature, and relative humidity was obtained from NOAA Rapid Refresh (RAP) [3]. NOAA Rapid Refresh is a grid-based numerical model updated hourly, with grid points placed laterally every 13 nautical miles across the Continental United States. Data was reported as a function of altitude, lateral position, and time of flight. The grid point closest to the noise monitor being examined was used to obtain weather data. For the data-driven exploration of factors correlating with no
	-
	-

	Figure
	Figure 3-4: Example wind speed, temperature, and relative humidity as functions of altitude 
	Figure 3-4: Example wind speed, temperature, and relative humidity as functions of altitude 




	3.3 Aircraft Performance Modeling 
	3.3 Aircraft Performance Modeling 
	3.3.1 Weight Prediction 
	3.3.1 Weight Prediction 
	Departures 
	Departure weight was modeled as a function of true airspeed and altitude 10 nautical miles from the runway, which has been shown to correlate with FDR data [18]. This method was chosen because it allowed departure weight to be modeled using only surveillance and weather data. 
	Arrivals 
	Aircraft weight was estimated from the stable final approach speed from the wind-corrected surveillance data using the method from [18]. In this method, the true 𝑠𝑡𝑎𝑙𝑙 in the landing configuration plus a safety factor b, as defined in 14 CFR 25.125. S 𝐶𝐿,𝑚𝑎𝑥 is 
	airspeed on final approach was assumed to be the reference landing speed 1.23
	𝑉
	Weight was inferred using Equation 3.1, where, 
	is the wing surface area, 

	the maximum lift coefficient, and 𝜌 is the air density. Thrust was modeled based on this weight estimate and drag from BADA that corresponds to assumed configuration settings. 
	√︃ 
	𝑉𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ =1.23𝑉𝑠𝑡𝑎𝑙𝑙 + + 𝑏[𝑘𝑡𝑠] (3.1)
	𝑏[𝑘𝑡𝑠]=1.23 
	2𝑊 
	𝜌𝑆𝐶𝐿,𝑚𝑎𝑥 

	𝐶𝐿,𝑚𝑎𝑥 was obtained from BADA and the air density 𝜌 from NOAA Rapid Refresh. Figure 3-5 depicts the predicted weights of of 260 Boeing 737-800 and 330 Airbus A320 flights at BOS from November 2015-January 2016. A safety factor b of 7 knots was used to be consistent with the methodology defined in [18]. Flaps 30 was assumed for the 737-800, and Flaps Full was assumed for the A320. The predicted weight for most flights was within the maximum landing weight and operating empty weight of this aircraft, in
	Figure
	(a) A320 (b) B737-800 
	(a) A320 (b) B737-800 


	Figure 3-5: Predicted weight of Airbus A320s (Flaps Full), Boeing 737-800s (Flaps 
	30) from final approach velocity at BOS, 2015-2016. 

	3.3.2 Flight Profile Modeling 
	3.3.2 Flight Profile Modeling 
	Flight profiles were generated for each flight being examined. A flight profile included aircraft altitude, velocity, configuration, thrust, and lateral position as functions of time. Altitude and velocity were provided in surveillance data. Landing gear, slat, and flap configuration for departures and arrivals were inferred for each aircraft. The specific configuration assumptions for each aircraft are given in Chapters 4 for both departures and arrivals. Thrust was modeled using a force-balance kinematics
	Figure
	Figure 3-6: Flight Profile Generation Model. Figure adapted from [22] 
	Figure 3-6: Flight Profile Generation Model. Figure adapted from [22] 


	3.3.3 Internal Engine State Modeling 
	TASOPT (Transport Aircraft System OPTimization 2.16) [4] was used to estimate internal engine states for each aircraft type using thrust estimates. The internal engine states were required by the engine noise components in NASA ANOPP and were obtained from a work-balance based, engine component-matching formulation [14]. TASOPT provides a mapping of the internal engine performance states as a function of off-design thrusts and velocities given the engine design conditions, such as bypass ratio, turbine entr
	3.3.4 Noise Modeling 
	NASA ANOPP was used to model airframe noise, engine noise, and atmospheric attenuation of noise propagating from the aircraft. NASA ANOPP employs various modules to model the noise from each component. For this thesis, airframe noise due to the extension of slats, flaps, and landing gear was modeled by the Boeing Airframe Noise Model [9] [10], and noise due to the wing and tail trailing edges was modeled by the Fink Airframe Noise Model [8]. Engine noise due to the turbulent jet exhaust was modeled using th
	Chapter 4 
	Data-Driven Analysis of Community Departure and Arrival Noise Exposure Variation Using Seattle Noise Monitors and operational ADS-B data 
	4.1 Motivation 
	A data-driven exploration of factors that contribute to the variation in noise monitor measurements seen at Seattle-Tacoma International Airport (SEA) is presented in this chapter. The causes of variation in airport noise monitor network measurements of departing and arriving aircraft remain a source of uncertainty which must be understood in order to improve existing noise models [15] and develop new noise abatement procedures. Variation in departure noise was of specific interest because it was found to b
	-
	-

	The variables which potentially contributed to this variation included those that arose as a result of flight procedures, including operator-specific practices relating to thrust, airspeed, and configuration management; those that arose as a result of the environment, including ambient wind, relative humidity, and temperature; and those that were specific to individual flights, including weight. The Port of Seattle Noise Monitoring System was chosen for this study because of the extensive placement of monit
	-

	[3] and was treated both as a raw variable potentially impacting monitor recordings and as a variable in modeling flight performance. The purpose of this study was to measure how noise measurements may correlate with raw data, but variables not included in surveillance data, including weight, thrust, and configuration, were modeled by necessity. 
	-

	The impact of both raw and modeled variables on sound exposure level (SEL) recordings at various monitors throughout the SEA noise monitoring network was demonstrated. Trends that consistently appeared at monitors at distances varying between 3-12 nautical miles from SEA were illustrated using data from the network. Data suggesting that specific airline operational techniques impacted community noise exposure was shown, and areas for future work and model refinement were identified. While data that may expl
	4.2 Departure Noise Data Exploration using Operational Flights and Ground Noise Measurements 
	-

	4.2.1 Identification of Variables with Potential Departure Noise Variation Impact 
	The parameters investigated were organized into three categories: observed aircraft data, environmental data, and aircraft performance parameters. Observed aircraft data included the data that characterized the aircraft type, position, and velocity. Environmental data characterized the ambient wind, temperature, and relative humidity. Performance parameters included takeoff weight; landing gear, slat and flap configuration; flight path angle; and takeoff thrust. Noise data, measured in Sound Exposure Level 
	-
	-

	Table 4.1: Departure Noise Parameters Investigated 
	Table 4.1: Departure Noise Parameters Investigated 
	Table 4.1: Departure Noise Parameters Investigated 

	Noise Data 
	Noise Data 
	Aircraft Data 
	Environmental Data 
	Aircraft Performance 

	SEL at Monitor Locations 
	SEL at Monitor Locations 
	Aircraft Type 
	Relative Humidity 
	Takeoff Weight 

	TR
	Aircraft Operator 
	Northward Wind 
	Aircraft Configuration 

	TR
	Altitude 
	Eastward Wind 
	Takeoff Thrust 

	TR
	Lateral Position 
	Temperature 

	TR
	Groundspeed 

	TR
	Flight Path Angle 


	4.2.2 Data Sources and Seattle Noise Monitoring Network 
	Noise Data 
	Noise data from Seattle Tacoma International Airport, shown in Figure 4-1, was used for departures. There are three runways. Aircraft departing to the north and arriving from the south used runways 34L, 34C, and 34R. Aircraft departing to the south and arriving from the north used runways 16L, 16C, and 16R. 
	Figure
	Figure 4-1: Seattle-Tacoma International Airport Diagram [1] 
	Figure 4-1: Seattle-Tacoma International Airport Diagram [1] 


	Noise data from the Port of Seattle Noise Monitoring System was used to obtain flyover noise measured in SEL. Each flyover was correlated with a specific flight. The noise monitoring system is shown in Figure 4-2. The south monitors measured noise from aircraft departing to the south. The north monitors measured noise from aircraft departing to the north. The six monitors chosen for this study were highlighted green. These monitors recorded sufficient data for both Airbus A320 and Boeing 737NGs. 
	Close, medium-distance, and far monitors were examined because the variation at each monitor may depend on its proximity to the airport. 
	Figure
	Figure 4-2: Port of Seattle noise monitor network. Monitors analyzed for departures shown in green 
	The lateral tracks of departures to the south and north are shown in Figure 4-3 (a) and (b), respectively. Aircraft departed from all three runways. 
	Figure
	(a) South departures (b) North departures 
	Figure 4-3: Lateral tracks of Seattle departures 
	Flights were filtered so that only aircraft that flew within a 0.25 nautical mile lateral 
	track distance of the monitor being analyzed were considered. This filtering was done as a means of holding flyover distance approximately constant. 
	Aircraft Data 
	ADS-B data from the OpenSky Network [19] was correlated with the flights that generated noise monitor recordings and was used to obtain data including aircraft type, aircraft operator, altitude, lateral position, and groundspeed. Flight path angle was estimated using the change in altitude and lateral position at two successive ADS-B data points. Flight path angle was sensitive to noise in ADS-B data. Aircraft operator was used to determine whether any airline-specific operational practices impacted measure
	-
	-

	Environmental Data 
	Environmental data was obtained from the NOAA Rapid Refresh numerical model [3]. Weather data taken at the time closest to the aircraft flyover was used. Temperature, northward wind, and eastward wind were averaged between the surface and the aircraft altitude at the point of closest approach to the monitor. Relative humidity was averaged between the surface and 1000 ft above ground level. 
	-

	4.2.3 Departure Flight Performance Modeling Assumptions 
	Operational ADS-B and weather data were used to model flight performance as described in Chapter 3. The thrust modeling required assumptions about aircraft landing gear, slat, and flap configuration to be established. Landing gear retraction was assumed to occur 0.25 nautical miles after liftoff. Flaps and slats were assumed to be extended from the takeoff roll up until 10 knots below the maximum flap extension speed. Airbus A320s were assumed to take off with a slats and flaps extended to 
	Operational ADS-B and weather data were used to model flight performance as described in Chapter 3. The thrust modeling required assumptions about aircraft landing gear, slat, and flap configuration to be established. Landing gear retraction was assumed to occur 0.25 nautical miles after liftoff. Flaps and slats were assumed to be extended from the takeoff roll up until 10 knots below the maximum flap extension speed. Airbus A320s were assumed to take off with a slats and flaps extended to 
	-
	-

	CONF2, and Boeing 737NGs were assumed to take off with slats and flaps extended to Flaps 5. Flap and slat retraction thus occurred at 190 KIAS and 200 KIAS for the A320 and 737NG, respectively. Thrust was calculated based on configuration assumptions. 

	4.3 Observed Variation in Aircraft Departure Noise Measurements using Seattle ADS-B and Noise Monitor Measurement Data 
	4.3.1 Boeing 737NG Departure Noise Trends at South Monitors 
	-

	The noise impact of each variable for the B737NG at the south close, mid, and far monitors is given in Figures 4-4, 4-5, and 4-6, respectively. Altitude, thrust per engine, true airspeed, and flight path angle were taken at the point of closest approach to the monitor. Environmental data was averaged as described in Section 4.2.2. Plots were color-coded by airline so that the noise impact of airline-specific operating procedures could be seen. The correlation coefficient between SEL and each variable, as we
	Figure
	(a) Altitude impact, south close monitor (b) Weight impact, south close monitor 
	Figure
	(c) Thrust impact, south close monitor 
	(c) Thrust impact, south close monitor 


	Figure
	(d) True airspeed impact, south close monitor 
	-

	(e) Flight path angle impact, south close 
	monitor (f) Temperature impact, south close monitor 
	Figure
	(g) Northward wind (headwind) impact, south close monitor. Northward wind posi-tive to the north 
	(g) Northward wind (headwind) impact, south close monitor. Northward wind posi-tive to the north 
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	Figure
	(i) Relative humidity wind impact, south close monitor 
	Figure 4-4: Trends for departing Boeing 737NGs at the south close monitor 
	Figure
	(a) 
	(a) 
	(a) 
	Altitude impact, south mid monitor (b) Weight impact, south mid monitor 

	(c) 
	(c) 
	(c) 
	Thrust impact, south mid monitor (d) True airspeed impact, south mid monitor 


	(g) 
	(g) 
	Northward wind (headwind) impact, south mid monitor. Northward wind posi-tive to the north 


	Figure
	(e) Flight path angle impact, south mid 
	monitor (f) Temperature impact, south mid monitor 
	Figure
	Figure
	(h) Eastward wind (crosswind) impact, south mid monitor. Eastward wind positive to the east 
	(h) Eastward wind (crosswind) impact, south mid monitor. Eastward wind positive to the east 


	Figure
	(i) Relative humidity wind impact, south mid monitor 
	Figure 4-5: Trends for departing Boeing 737NGs at the south mid monitor 
	Figure
	(a) Altitude impact, south far monitor (b) Weight impact, south far monitor 
	Figure
	(c) Thrust impact, south far monitor (d) True airspeed impact, south far monitor 
	(e) Flight path angle impact, south far mon-
	itor (f) Temperature impact, south far monitor 
	Figure
	(g) Northward wind (headwind) impact, (h) Eastward wind (crosswind) impact, south far monitor. Northward wind positive south far monitor. Eastward wind positive to the north to the east 
	Figure
	(i) Relative humidity wind impact, south far monitor 
	Figure 4-6: Trends for departing Boeing 737NGs at the south far monitor 
	Noise measurements for the B737NG at the north monitors were consistent with the results at the south monitors, with the exception that noise measurements increase with the northward wind for northbound departures. This was likely because tailwinds decreased climb performance. Results for northbound B737NG departures are given in Appendix A. 
	-

	4.3.2 Analysis of Boeing 737NG Departure Noise Trends at South Monitors 
	The variables correlating with departure noise at the three south monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The variable with the highest impact had the highest average correlation coefficient, and the variable with the lowest impact had the lowest average correlation coefficient. 
	-
	-

	Effect 1: Altitude 
	Altitude was observed to have the strongest impact on measured noise at all three monitor locations, with lower noise at higher altitude. Noise decreased by approximately 2-3 dB for each 1000 ft altitude gained. There was a spread in altitude of approximately 2000 ft at each monitor. This meant that approximately 4-6 dB variation in measured noise may have been attributable to variation in altitude, although there may have been confounding factors. This trend is shown in Figure 4-7 and is is consistent with
	-
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	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-7: Altitude Impact on Noise from Departing B737NG Aircraft 
	Effect 2: Thrust 
	Next, the impact of thrust on measured noise at all three monitor locations is shown in Figure 4-8. Measured noise decreased by approximately 0.3-0.5 dB for each 1000 lb of increased thrust per engine. There was a spread of approximately 5000 lb thrust 
	Next, the impact of thrust on measured noise at all three monitor locations is shown in Figure 4-8. Measured noise decreased by approximately 0.3-0.5 dB for each 1000 lb of increased thrust per engine. There was a spread of approximately 5000 lb thrust 
	per engine over each monitor. This meant that approximately 1.5-2.5 dB variation in measured noise may have been attributable to variation in thrust, although there may have been confounding factors. This trend was observed because aircraft that flew with higher thrust levels achieved higher average altitude. 

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-8: Thrust Impact on Noise from Departing B737NG Aircraft 
	Effect 3: True Airspeed 
	The impact of true airspeed on measured noise at all three monitor locations is shown in Figure 4-9. Measured noise increased by approximately 0.2-0.4 dB for each additional 10 knots of true airspeed. There was a spread in true airspeed of approximately 40 knots at monitor. This meant that approximately 0.8-1.6 dB variation in measured noise may have been attributable to variation in true airspeed, although there may have been confounding factors. This trend was expected, since aircraft climbing at steeper 
	-

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-9: True Airspeed Impact on Noise from Departing B737NG Aircraft 
	Effect 4: Takeoff Weight 
	The impact of takeoff weight on measured noise at all three monitor locations is shown in Figure 4-10. Measured noise was observed to decrease with higher departure weight at the close monitor. The trend was reversed at the mid and far monitors: measured noise was observed to increase with higher departure weight. Heavier aircraft typically climb more slowly and with more thrust than light aircraft, so the trend at the mid and far monitors was expected. At these monitors, measured noise increased by approxi
	0.06-0.15 
	-

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-10: Weight Impact on Noise from Departing B737NG Aircraft 
	Effect 5: Flight Path Angle 
	The impact of flight path angle on measured noise at all three monitor locations is shown in Figure 4-11. Measured noise decreased by approximately 0.09-2.5 dB for each additional 10 degrees of flight path angle. Flight path angle was observed to vary by approximately 7.5 degrees over each monitor. This meant that up to 1.9 dB variation in noise may have been attributable to variation in flight path angle, although there may have been confounding factors. Aircraft flying with higher climb gradients overflew
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-11: Flight Path Angle Impact on Noise from Departing B737NG Aircraft 
	Next, the impact of environmental variables on measured noise was demonstrated at all three monitor locations. The environmental variables correlating with departure noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The environmental variable with the highest impact had the highest average correlation coefficient, and the variable with th
	-
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	Environmental Effect 1: Relative Humidity 
	As shown in Figure 4-12, noise increased by approximately dB for each additional 10% increase in relative humidity. Relative humidity was observed to vary by up to 80% at all three monitors. This meant that up to 0.9-1.4 dB variation in measured noise may have been attributable to variation in relative humidity, although 
	As shown in Figure 4-12, noise increased by approximately dB for each additional 10% increase in relative humidity. Relative humidity was observed to vary by up to 80% at all three monitors. This meant that up to 0.9-1.4 dB variation in measured noise may have been attributable to variation in relative humidity, although 
	0.11-0.18 

	there may have been confounding factors. This trend was consistent with the findings in [11], which demonstrated lower noise attenuation for increased relative humidity values above 20 percent. 

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-12: Relative Humidity Impact on Noise from Departing B737NG Aircraft 
	Environmental Effect 2: Headwind (Northward Wind) 
	As shown in Figure 4-13, measured noise decreased by approximately 0.4-1.2 dB for each additional 10 knots of headwind (northward wind). Headwinds were expected to increase climb gradients, so this trend was expected. Headwind was observed by vary by approximately 30 knots at each monitor. This meant that up to 1.2-3.6 dB variation in noise may have been attributable to variation in headwind, although there may have been confounding factors. Note that the correlation was stronger at the mid and far monitors
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-13: Northward Wind (Headwind) Impact on Noise from Departing B737NG Aircraft 
	Environmental Effect 3: Temperature 
	The impact of temperature on measured noise at all three monitor locations is shown in Figure 4-14. Measured noise was observed to correlate weakly with temperature. Measured noise decreased by approximately 0.1-0.3 dB for each additional 10°C at the three monitor locations. Temperature was observed to vary by approximately 30°C at each monitor location. This meant that 0.3-0.9 variation in measured noise may have been attributable to temperature, although there may have been confounding factors. This trend
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-14: Temperature Impact on Noise from Departing B737NG Aircraft 
	Environmental Effect 4: Crosswind (Eastward Wind) 
	The impact of the crosswind (eastward) component at all three monitor locations is shown in Figure 4-15. Measured noise varied by up to 0.6 dB for each additional 10 knots of crosswind. The crosswind component was observed by vary by approximately 30 knots. This meant that up to 1.8 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. This observation may be explained by advection. Noise advected towards or away 
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-15: Eastward Wind (Crosswind) Impact on Noise from Departing B737NG Aircraft 
	4.3.3 Impact of Airline-Specific Departure Procedures on Mea
	-

	sured B737NG Noise 
	Figure 4-16 shows how departure performance parameters for each airline varied relative to the average B737NG flyover. The difference between the average airline parameter and the average overall parameter was then normalized by the maximum difference so that all values fell between -1 and 1. Airlines that registered more than 10 noise measurements were included. The average performance parameter values for 
	-

	each airline are given in Appendix C. 
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	(a) 
	(a) 
	South close monitor 

	(b) 
	(b) 
	South mid monitor 

	(c) 
	(c) 
	South far monitor 


	Figure
	Figure
	Figure 4-16: B737NG Departure Performance Parameter Averages by Airline Relative to Average B737NG Southbound Departure 
	Significant differences between noise recordings produced by different airlines were 
	Significant differences between noise recordings produced by different airlines were 
	seen in the noise monitor data. Airline 6 was observed to generate the lowest average noise measurements at all three monitors, and was quieter than the average Boeing 737 by 2-3%. On average, Airline 6 overflew the three monitors with the highest thrust (approximately 11,000-11,500 lb thrust, or equivalently, 3-9% higher thrust compared to the average B737NG). Airline 6 also overflew the close and mid monitors at the highest altitudes, approximately 8-11% higher than the average B737NG. Its aircraft overfl

	Airline 7 was observed to generate the highest average noise measurements at the close and mid monitors, louder than the average by approximately 1%. By the time its aircraft overflew the far monitor, they generated the second quietest noise measurements on average, quieter than the average by approximately 0.6%. Airline 7 overflew the close monitor at the lowest average altitude (6% below the average B737NG), but had reached the highest average altitude (12.7% higher than average) by the time it overflew t
	Airline 7 was observed to generate the highest average noise measurements at the close and mid monitors, louder than the average by approximately 1%. By the time its aircraft overflew the far monitor, they generated the second quietest noise measurements on average, quieter than the average by approximately 0.6%. Airline 7 overflew the close monitor at the lowest average altitude (6% below the average B737NG), but had reached the highest average altitude (12.7% higher than average) by the time it overflew t
	and the second lowest average noise measurements at the far monitor. 

	4.3.4 Airbus A320 Departure Noise Trends at South Monitors 
	The noise impact of each variable for the A320 at the south close, mid, and far monitors is given in Figures 4-17, 4-18, and 4-19, respectively. Altitude, thrust per engine, true airspeed, and flight path angle were taken at the point of closest approach to the monitor. Environmental data was averaged as described in Section 4.2.2. Plots were color-coded by airline so that the noise impact of airline-specific operating procedures could be seen. The correlation coefficient between SEL and each variable, as w
	Figure
	(a) 
	(a) 
	(a) 
	(a) 
	Altitude impact, south close monitor (b) Weight impact, south close monitor 


	(c) 
	(c) 
	Thrust impact, south close monitor 


	Figure
	Figure
	(d) True airspeed impact, south close moni-tor 
	(d) True airspeed impact, south close moni-tor 
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	(e) Flight path angle impact, south close 
	monitor (f) Temperature impact, south close monitor 
	Figure
	(g) Northward wind (headwind) impact, south close monitor. Northward wind posi-tive to the north 
	(g) Northward wind (headwind) impact, south close monitor. Northward wind posi-tive to the north 


	Figure
	(h) Eastward wind (crosswind) impact, south close monitor. Eastward wind posi-tive to the east 
	(h) Eastward wind (crosswind) impact, south close monitor. Eastward wind posi-tive to the east 


	Figure
	(i) Relative humidity wind impact, south close monitor 
	Figure 4-17: Trends for departing Airbus A320s at the south close monitor 
	Figure
	(a) Altitude impact, south mid monitor (b) Weight impact, south mid monitor 
	Figure
	(c) Thrust impact, south mid monitor (d) True airspeed impact, south mid monitor 
	(e) Flight path angle impact, south mid 
	monitor (f) Temperature impact, south mid monitor 
	Figure
	(g) Northward wind (headwind) impact, (h) Eastward wind (crosswind) impact, south mid monitor. Northward wind posi-south mid monitor. Eastward wind positive tive to the north to the east 
	Figure
	(i) Relative humidity wind impact, south mid monitor 
	Figure 4-18: Trends for departing Airbus A320s at the south mid monitor 
	Figure
	(a) Altitude impact, south far monitor (b) Weight impact, south far monitor 
	Figure
	(c) Thrust impact, south far monitor (d) True airspeed impact, south far monitor 
	(e) Flight path angle impact, south far mon-
	itor (f) Temperature impact, south far monitor 
	Figure
	(g) Northward wind (headwind) impact, south far monitor. Northward wind positive to the north 
	(g) Northward wind (headwind) impact, south far monitor. Northward wind positive to the north 


	Figure
	(h) Eastward wind (crosswind) impact, south far monitor. Eastward wind positive to the east 
	(h) Eastward wind (crosswind) impact, south far monitor. Eastward wind positive to the east 
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	Figure
	(i) Relative humidity wind impact, south far monitor 
	Figure 4-19: Trends for departing Airbus A320s at the south far monitor 
	Noise measurements for the A320 at the north monitors are consistent with the results at the south monitors, with the exception that noise measurements increase with the northward wind for northbound departures. This is likely because tailwinds decrease climb performance, increasing noise exposure on the ground. Results for northbound A320 departures are given in Appendix B. 
	4.3.5 Analysis of Airbus A320 Departure Noise Trends at South 
	Monitors 
	The variables correlating with departure noise at the three south monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The variable with the highest impact had the highest average correlation coefficient, and the variable with the lowest impact had the lowest average correlation coefficient. 
	-
	-

	Effect 1: Altitude 
	Altitude was observed to have the strongest impact on measured noise at the mid and far monitors, with lower noise at higher altitude. Altitude was observed to have 
	a weaker impact at the close monitor, although this may be because the variation in altitude at the close monitor was approximately 1500 ft while the variation in altitude at the mid and far monitors was approximately 2000 ft and 2500 ft, respectively. Measured noise decreased by approximately 0.6-2.6 dB for each additional 1000 ft altitude gained. Altitude was observed to vary by up to 2500 ft. This meant that up to 1.5-6.5 dB variation in measured noise may have been attributable to variation in altitude,
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-20: Altitude Impact on Noise from Departing A320 Aircraft 
	Effect 2: Takeoff Weight 
	Next, the impact of takeoff weight on measured noise at all three monitor locations is shown in Figure 4-21. Measured noise was observed to increase by approximately 
	0.1 dB for each additional 1000 lb increase in departure weight. Departure weight was observed to vary by approximately 15,000 lb. This meant that up to 1.5 dB variation in measured noise may have been attributable to variation in departure weight, although there may have been confounding factors. Heavier aircraft typically climb more slowly and with more thrust than light aircraft, so the trend was expected. 
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-21: Weight Impact on Noise from Departing A320 Aircraft 
	Effect 3: Flight Path Angle 
	The impact of flight path angle on measured noise at all three monitor locations is shown in Figure 4-22. Measured noise was observed to decrease with higher flight path angle at the mid and far monitors, but decreased with lower flight path angle at the close monitor. The behavior at the mid and far monitors was expected given that aircraft flying with higher climb gradients overflew the monitors at higher altitudes, generating lower average noise measurements. At these monitors, measured noise decreased b
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-22: Flight Path Angle Impact on Noise from Departing A320 Aircraft 
	Effect 4: True Airspeed 
	The impact of true airspeed on measured noise at all three monitor locations is shown in Figure 4-23. Measured noise was observed to increase with true airspeed at the close and mid monitors by up to 0.18 dB for each additional 10 knots true airspeed. True airspeed was observed to vary by approximately 60 knots at these monitors. This meant that approximately 1 dB variation in measured noise may have been attributable to variation in true airspeed at the close and mid monitors, although there may have been 
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-23: True Airspeed Impact on Noise from Departing A320 Aircraft 
	Effect 5: Thrust 
	Next, the impact of thrust on measured noise at all three monitor locations is shown in Figure 4-24. Measured noise was observed to increase with higher thrust at the close monitor, and decrease with higher thrust at the mid and far monitors. This trend was consistent with the modeled results in Thomas 2020 [22], which demonstrated that aircraft departing with higher thrust generated higher modeled noise near the airport, 
	Next, the impact of thrust on measured noise at all three monitor locations is shown in Figure 4-24. Measured noise was observed to increase with higher thrust at the close monitor, and decrease with higher thrust at the mid and far monitors. This trend was consistent with the modeled results in Thomas 2020 [22], which demonstrated that aircraft departing with higher thrust generated higher modeled noise near the airport, 
	and lower modeled noise at the equivalent mid and far distances from the airport. Measured noise each additional 1000 lb increase in thrust. Modeled thrust varied by approximately 5000 lb at each monitor. This meant that approximately 0.2-0.7 dB dB variation in measured noise may have been attributable to variation in thrust, although there may have been confounding factors. 
	varied by 0.05-0.13 dB for 


	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-24: Thrust Impact on Noise from Departing A320 Aircraft 
	Next, the impact of environmental variables on measured noise was demonstrated at all three monitor locations. The environmental variables correlating with departure noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The environmental variable with the highest impact had the highest average correlation coefficient, and the variable with th
	-
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	Environmental Effect 1: Relative Humidity 
	As shown in Figure 4-25, noise increased with relative humidity at all three monitor each additional 10% increase in relative humidity. Relative humidity was observed to vary by up to 80% at the three monitor locations. This meant that approximately 1-2 dB variation in measured noise may have been attributable to variation in relative humidity, although there may have been confounding factors. This trend was consistent with the findings in [11], which demonstrated lower noise attenuation for increased relat
	locations by approximately 0.14-0.28 dB for 

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-25: Relative Humidity Impact on Noise from Departing A320 Aircraft 
	Environmental Effect 2: Headwind (Northward Wind) 
	As shown in Figure 4-26, noise was observed to decrease with headwinds (the north wind component). Measured noise decreased by 0.4-1.7 dB for each additional 10 knot increase in headwind. Headwind was observed to vary by approximately 30 knots at the three monitor locations. This meant that approximately 1-5 dB variation in measured noise may have been attributable to variation in headwind, although there may have been confounding factors. Headwinds were expected to increase climb gradients, so this trend w
	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-26: Northward Wind (Headwind) Impact on Noise from Departing A320 Aircraft 
	Environmental Effect 3: Temperature 
	The impact of temperature on measured noise at all three monitor locations is shown in Figure 4-27. Measured noise was observed to correlate weakly with temperature. Measured noise decreased by approximately dB for each additional 10°C increase in temperature. Temperature was observed to vary by approximately 30°C at the three monitor locations. This meant that approximately 1 dB variation in measured noise may have been attributable to variation in temperature, although there may have been confounding fact
	0.30-0.38 

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-27: Temperature Impact on Noise from Departing A320 Aircraft 
	Environmental Effect 4: Crosswind (Eastward Wind) 
	The impact of the crosswind (eastward) component at all three monitor locations is shown in Figure 4-28. Measured noise was observed to vary by 0.6-0.7 dB for each additional 10 knot increase in crosswind component. The crosswind component was observed to vary by approximately 20 knots. This meant that 1.2-1.4 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. Noise advected towards or away from the monitors de
	The impact of the crosswind (eastward) component at all three monitor locations is shown in Figure 4-28. Measured noise was observed to vary by 0.6-0.7 dB for each additional 10 knot increase in crosswind component. The crosswind component was observed to vary by approximately 20 knots. This meant that 1.2-1.4 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. Noise advected towards or away from the monitors de
	the airport. The mid and far monitors were more closely aligned with the departure path. Aircraft more directly overflew the south far monitor than the close and mid monitors, which may explain why the trend is reversed at the far monitor. 

	Figure
	(a) South close monitor (b) South mid monitor (c) South far monitor 
	Figure 4-28: Eastward Wind (Crosswind) Impact on Noise from Departing A320 Aircraft 
	4.3.6 Impact of Airline-Specific Departure Procedures on Mea
	-

	sured A320 Noise 
	Figure 4-29 shows how departure performance parameters for each airline varied relative to the average A320 flyover. The difference between the average airline parameter and the average overall parameter was then normalized by the maximum difference so that all values fell between -1 and 1. The average performance parameter values for each airline are given in Appendix C. 
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	Figure
	(a) South close monitor 
	Figure
	(b) 
	(b) 
	(b) 
	South mid monitor 

	(c) 
	(c) 
	South far monitor 


	Figure
	Figure 4-29: A320 Departure Performance Parameter Averages by Airline Relative to Average A320 Southbound Departure 
	Noise measurements due to aircraft operated by each of the airlines were consistent for Airbus A320s; noise was not as distinguished by operator for the A320 as it was for the B737NG. However, a trend that was observed for B737NGs operated by Airline 7 is also apparent for A320s operated by Airline 7: aircraft operated by Airline 7 were quieter relative to aircraft operated by other airlines the farther the aircraft flew from the airport. At the close monitor, A320s operated by Airline 7 on average generate
	4.3.7 Departure Noise Data Summary 
	Variation in departure noise can be attributed to operator-specific climb procedures, aircraft weight, and environmental factors. Altitude was shown to have the strongest effect on community noise exposure. Airline-specific procedures with higher thrust and higher initial climb gradients were observed to have lower noise exposure. This finding may help inform the development of new noise abatement departure procedures. Future validation studies may examine the impact of specific airline standard operating p
	-

	Environmental factors including ambient wind and relative humidity were shown to have impacts on climb performance (headwind), advection of noise (crosswind), and attenuation of noise (relative humidity). 
	4.4 Arrival Noise Data Exploration using Operational Flights and Ground Noise Measurements 
	4.4.1 Identification of Variables with Potential Arrival Noise Variation Impact 
	As with departures, the parameters investigated were categorized into three groups: observed aircraft data, environmental data, and aircraft performance parameters. The parameters investigated for arrivals are listed in Table 4.2. 
	Table 4.2: Arrival Noise Parameters Investigated 
	Noise Data 
	Noise Data 
	Noise Data 
	Aircraft Data 
	Environmental Data 
	Aircraft Performance 

	SEL at Monitor Locations 
	SEL at Monitor Locations 
	Aircraft Type 
	Relative Humidity 
	Landing Weight 

	TR
	Aircraft Operator 
	Northward Wind 
	Aircraft Configuration 

	TR
	Altitude 
	Eastward Wind 
	Landing Thrust 

	TR
	Lateral Position 
	Temperature 

	TR
	Groundspeed 

	TR
	Flight Path Angle 


	4.4.2 Arrival Flight Performance Modeling Assumptions 
	Operational ADS-B and weather data were used to model flight performance as described in Chapter 3. The thrust modeling required assumptions about aircraft landing gear, slat, and flap configuration to be established. Landing gear deployment was 
	Operational ADS-B and weather data were used to model flight performance as described in Chapter 3. The thrust modeling required assumptions about aircraft landing gear, slat, and flap configuration to be established. Landing gear deployment was 
	-
	-

	assumed to occur at the final approach fix for the RNAV 22L at Boston and ILS 16L/C/R at Seattle. Flaps and slats were assumed to be deployed 10 knots below the maximum flap extension speed. Airbus A320s were assumed to land with flaps set to CONF FULL, and Boeing 737s were assumed to land with flaps set to Flaps 30. Thrust was calculated based on configuration assumptions. Assumed flap extension speeds are given in Table 4.3 for the B737NG and Table 4.4 for the A320. 

	Table 4.3: B737-800 Flap Extension Speeds 
	Flap Setting Flaps 1 Flaps 5 Flaps 10 Flaps 15 Flaps 25 Flaps 30 Extension Speed [KIAS] 230 210 200 190 180 165 
	Table 4.4: A320 Flap Extension Speeds 
	Flap Setting CONF 1 CONF 2 CONF 3 FULL Extension Speed [KIAS] 220 190 175 167 
	4.4.3 Monitors Examined for Aircraft Arrivals 
	Three monitors north of Seattle-Tacoma International Airport were chosen to perform the data-driven analysis of arrival noise. Arrivals from the north were chosen because monitors extended further from the airport to the north than to the south, allowing for trends at far, medium-distance, and close monitors to be identified. The far, mid, and close monitors chosen are showin in Figure 4-30. 
	Figure
	Figure 4-30: Port of Seattle noise monitor network. Monitors analyzed for arrivals shown in green 
	Figure 4-30: Port of Seattle noise monitor network. Monitors analyzed for arrivals shown in green 


	The lateral tracks of arrivals from the north are shown in Figure 4-31. Aircraft land on all three runways. As with departures, flights were filtered so that only aircraft that flew within a 0.25 nautical mile lateral track distance of the monitor being analyzed were considered. 
	Figure
	Figure 4-31: Lateral Tracks of Seattle arrivals 
	4.5 Observed Variation in Aircraft Arrival Noise Measurements using Seattle ADS-B and Noise Monitor Measurement Data 
	-
	-

	4.5.1 Boeing 737NG Arrival Noise Trends 
	The noise impact of each variable for the B737NG at the north far monitor is given in Figure 4-32. Note that available data for aircraft arrivals was limited at the north far monitor. Data from the north mid and north close monitors follows in Figures 4-33 and 4-34, respectively. 
	Figure
	(a) 
	(a) 
	(a) 
	Altitude impact, north far monitor (b) Weight impact, north far monitor 

	(c) 
	(c) 
	(c) 
	Thrust impact, north far monitor (d) True airspeed impact, north far monitor 


	(g) 
	(g) 
	Northward wind (headwind) impact, north far monitor. Northward wind positive to the north 


	Figure
	(e) Flight path angle impact, north far mon-
	itor (f) Temperature impact, north far monitor 
	Figure
	Figure
	(h) Eastward wind (crosswind) impact, north far monitor. Eastward wind positive to the east 
	(h) Eastward wind (crosswind) impact, north far monitor. Eastward wind positive to the east 


	Figure
	(i) Relative humidity wind impact, north far monitor 
	Figure 4-32: Trends for arriving Boeing 737NGs at the north far monitor 
	Figure
	(a) Altitude impact, north mid monitor (b) Weight impact, north mid monitor 
	Figure
	(c) Thrust impact, north mid monitor (d) True airspeed impact, north mid monitor 
	(e) Flight path angle impact, north mid 
	monitor (f) Temperature impact, north mid monitor 
	Figure
	(g) Northward wind (headwind) impact, (h) Eastward wind (crosswind) impact, north mid monitor. Northward wind posi-north mid monitor. Eastward wind positive tive to the north to the east 
	Figure
	(i) Relative humidity wind impact, north mid monitor 
	Figure 4-33: Trends for arriving Boeing 737NGs at the north mid monitor 
	Figure
	(a) Altitude impact, north close monitor (b) Weight impact, north close monitor 
	Figure
	(c) Thrust impact, north close monitor 
	(c) Thrust impact, north close monitor 


	Figure
	(d) True airspeed impact, north close monitor 
	-

	(e) Flight path angle impact, north close 
	monitor (f) Temperature impact, north close monitor 
	Figure
	(g) Northward wind (headwind) impact, north close monitor. Northward wind posi-tive to the north 
	(g) Northward wind (headwind) impact, north close monitor. Northward wind posi-tive to the north 
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	-


	tive to the east 
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	Figure
	(i) Relative humidity wind impact, north close monitor 
	Figure 4-34: Trends for arriving Boeing 737NGs at the north close monitor 
	4.5.2 Analysis of Boeing 737NG Arrival Noise Trends 
	The variables correlating with arrival noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The variable with the highest impact had the highest average correlation coefficient, and the variable with the lowest impact had the lowest average correlation coefficient. 
	-

	Effect 1: Thrust 
	Thrust was observed to have the greatest impact on measured B737NG arrival noise as shown in Figure 4-35. Measured noise increased by up to 1.5 dB for each additional 1000 lb of increased thrust at the close and far monitors. Modeled thrust varied by approximately 5000 lb at these monitors. This meant that up to 0.75 dB variation in measured noise may have been attributed to variation in thrust, although there may have been confounding factors. This trend was expected because engine noise was previously kno
	Thrust was observed to have the greatest impact on measured B737NG arrival noise as shown in Figure 4-35. Measured noise increased by up to 1.5 dB for each additional 1000 lb of increased thrust at the close and far monitors. Modeled thrust varied by approximately 5000 lb at these monitors. This meant that up to 0.75 dB variation in measured noise may have been attributed to variation in thrust, although there may have been confounding factors. This trend was expected because engine noise was previously kno
	deployment schedules, potentially leading to unreliable thrust estimates in some cases. Had the actual deployment schedules been known, modeled thrust would have been less susceptible to modeling error. 

	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-35: Thrust Impact on Noise from Arriving B737NG Aircraft 
	Effect 2: Landing Weight 
	Next, landing weight was observed to impact arrival noise as shown in Figure 4-36. Measured noise increased at the three monitor locations by up to 0.03 dB for each additional 1000 lb increase in landing weight. Landing weight varied by approximately 40,000 lb at the three monitor locations. This meant that up to 1.2 dB variation in measured noise may have been attributable to variation in landing weight, although there may have been confounding factors. The trend was weakest at the far monitor and became s
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-36: Weight Impact on Noise from Arriving B737NG Aircraft 
	Effect 3: True Airspeed 
	The impact of true airspeed on measured noise is shown in Figure 4-37. Measured noise was found to decrease by 0.2 dB for each additional 10 knots true airspeed at the far monitor. Airspeed was observed to vary by approximately 60 knots at the far monitor. This means that up to 1.2 dB variation in measured noise may have been attributable to variation in true airspeed. This finding was consistent with the delayed deceleration approach, which has been proposed to reduce noise at far distances from the airpor
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-37: True Airspeed Impact on Noise from Arriving B737NG Aircraft 
	Effect 4: Altitude 
	The impact of altitude on measured noise is shown in Figure 4-38. Measured noise was observed to decrease by up to 0.7 dB at the far and mid monitors for each additional 1000 ft increase in altitude. Altitude was observed to vary by approximately 1000 ft at the far and mid monitors. This meant that approximately 0.7 dB variation in measured noise may have been attributable to variation in altitude, although there may have been confounding factors. Measured noise was observed to increase with altitude at the
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-38: Altitude Impact on Noise from Arriving B737NG Aircraft 
	Effect 5: Flight Path Angle 
	Next, the impact of flight path angle on measured noise is shown in Figure 4-39. Measured noise increased by approximately 1.5 dB for each additional 10°increase in flight path angle at the mid and close monitors. Flight path angle was observed to vary by approximately 3°at the mid and close monitors. This meant that approximately 0.5 dB variation in measured noise may have been attributable to variation in flight path angle, although there may have been confounding factors. This trend was expected because 
	-

	so with spoilers or flaps extended, increasing airframe noise. However, flight data 
	recorder data would be required to validate this hypothesis. More flyover data at the far monitor could also explain why the trend was reversed. It is possible that with more data at the north far monitor, the trend would be similar to those observed at the mid and close monitors. 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-39: Flight Path Angle Impact on Noise from Arriving B737NG Aircraft 
	Next, the impact of environmental variables on measured noise was demonstrated at all three monitor locations. The environmental variables correlating with arrival noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The environmental variable with the highest impact had the highest average correlation coefficient, and the variable with the 
	-
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	Environmental Effect 1: Relative Humidity 
	As shown in Figure 4-40, measured noise increased by 0.1-0.2 dB for each additional 10% increase in relative humidity at the mid and close monitors. Relative humidity was observed to vary by approximately 60% at the two monitors. This meant that up to 1.2 dB variation in measured noise may have been attributable to variation in relative humidity, although there may have been confounding factors. This trend was consistent with the findings in [11], which demonstrates lower noise attenuation for increased rel
	monitor. 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-40: Relative Humidity Impact on Noise from Arriving B737NG Aircraft 
	Environmental Effect 2: Crosswind (Eastward Wind) 
	The impact of the crosswind (eastward) component at the three monitor locations is shown in Figure 4-41. Measured noise varied by up to 1.4 dB for each additional 10 knots of crosswind. The crosswind component was observed by vary by approximately 30 knots. This meant that up to 4.2 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. This observation may be explained by advection. Noise advected towards or away 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-41: Eastward Wind (Crosswind) Impact on Noise from Arriving B737NG Aircraft 
	Environmental Effect 3: Temperature 
	The impact of temperature is shown in Figure 4-42. Measured noise correlated weakly with temperature. Measured noise was observed to vary by 0.7-0.9 dB for each additional 10°C increase in temperature at the three monitors. Temperature was observed to vary by approximately 20°C at each monitor. This meant that up to 1.8 dB variation in measured noise may have been attributable to variation in temperature, although there may have been confounding factors. Measured noise was observed to increase at the far mo
	-
	-
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	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-42: Temperature Impact on Noise from Arriving B737NG Aircraft 
	Environmental Effect 4: Headwind (Northward Wind) 
	The impact of headwind is shown in Figure 4-43. Measured noise was observed to correlate most strongly with northward wind at the close monitor, where a 10 knot change in headwind increased measured noise by up to 1.5 dB. Northward wind was observed to vary by 30 knots at the close monitor. This meant that up to 4.5 dB variation in measured noise may have been attributable to variation in headwind, although there may have been confounding factors. For arrivals, the headwind component was expected to impact 
	-
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	Therefore, the impact of headwind was expected to vary based on the location of the aircraft relative to the noise monitor at the point of closest approach. 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-43: Northward Wind (Headwind) Impact on Noise from Arriving B737NG Aircraft 
	4.5.3 Impact of Airline-Specific Arrival Procedures on Mea
	-

	sured B737NG Noise 
	Figure 4-44 shows how departure performance parameters for each airline varied relative to the average B737NG flyover. The difference between the average airline parameter and the average overall parameter was then normalized by the maximum difference so that all values fell between -1 and 1. Airlines that registered more than 10 noise measurements were included. The average performance parameter values for each airline are given in Appendix C. 
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	Figure
	(a) North far monitor 
	Figure
	(b) 
	(b) 
	(b) 
	North mid monitor 

	(c) 
	(c) 
	North close monitor 


	Figure
	Figure 4-44: B737NG Arrival Performance Parameter Averages by Airline Relative to Average B737NG Southbound Arrival 
	At the north far monitor, the aircraft operated by Airline 7 were observed to be the quietest on average by 1.8 dB. These aircraft overflew the north far monitor 11 kts faster and with approximately 800 lb less thrust per engine than the average B737NG. The next quietest airline was Airline 4, which was quieter than the average by 0.4 dB and overflew the monitor 2 kts faster than the average. These findings were consistent with the delayed deceleration approach concept, where delaying deceleration allows th
	-

	4.5.4 Airbus A320 Arrival Noise Trends 
	Trends for the Airbus A320 follow at the far, mid, and close monitors follow in Figures 4-47, 4-46, and 4-45, respectively. Note that available data for aircraft arrivals was limited at the north far monitor. 
	Figure
	(a) Altitude impact, north far monitor (b) Weight impact, north far monitor 
	Figure
	(c) Thrust impact, north far monitor (d) True airspeed impact, north far monitor 
	(e) Flight path angle impact, north far mon-
	itor (f) Temperature impact, north far monitor 
	Figure
	(g) Northward wind (headwind) impact, north far monitor. Northward wind positive to the north 
	(g) Northward wind (headwind) impact, north far monitor. Northward wind positive to the north 


	Figure
	(h) Eastward wind (crosswind) impact, north far monitor. Eastward wind positive to the east 
	(h) Eastward wind (crosswind) impact, north far monitor. Eastward wind positive to the east 
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	Figure
	(i) Relative humidity wind impact, north far monitor 
	Figure 4-45: Trends for arriving Airbus A320s at the north far monitor 
	Figure
	(a) 
	(a) 
	(a) 
	Altitude impact, north mid monitor (b) Weight impact, north mid monitor 

	(c) 
	(c) 
	(c) 
	Thrust impact, north mid monitor (d) True airspeed impact, north mid monitor 


	(g) 
	(g) 
	Northward wind (headwind) impact, north mid monitor. Northward wind posi-tive to the north 
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	(i) Relative humidity wind impact, north mid monitor 
	Figure 4-46: Trends for arriving Airbus A320s at the north mid monitor 
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	Figure
	(i) Relative humidity wind impact, north close monitor 
	Figure 4-47: Trends for arriving Airbus A320s at the north close monitor 
	4.5.5 Analysis of Airbus A320 Arrival Noise Trends 
	The variables correlating with arrival noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The variable with the highest impact had the highest average correlation coefficient, and the variable with the lowest impact had the lowest average correlation coefficient. 
	-

	Effect 1: Thrust 
	Thrust was observed to have the greatest impact on measured A320 arrival noise as shown in Figure 4-48. Measured noise increased by up to 0.75 dB for each additional 1000 lb of increased thrust at the close and far monitors. Modeled thrust varied by approximately 5000 lb at these monitors. This meant that up to 3.8 dB variation in measured noise may have been attributed to variation in thrust, although there may have been confounding factors. This trend was expected because engine noise was previously known
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-48: Thrust Impact on Noise from Arriving A320 Aircraft 
	Effect 2: True Airspeed 
	The impact of true airspeed on measured noise is shown in Figure 4-49. Measured noise was found to decrease by approximately 0.1 dB for each additional 10 knots true airspeed at the far monitor. Airspeed was observed to vary by approximately 60 knots at the far monitor. This means that up to 0.6 dB variation in measured noise may have been attributable to variation in true airspeed. This finding was consistent with the delayed deceleration approach, which has been proposed to reduce noise at far distances f
	The impact of true airspeed on measured noise is shown in Figure 4-49. Measured noise was found to decrease by approximately 0.1 dB for each additional 10 knots true airspeed at the far monitor. Airspeed was observed to vary by approximately 60 knots at the far monitor. This means that up to 0.6 dB variation in measured noise may have been attributable to variation in true airspeed. This finding was consistent with the delayed deceleration approach, which has been proposed to reduce noise at far distances f
	fly faster approach speeds and remain cleanly configured for a longer duration of the approach, decreasing airframe noise and potentially engine noise due to lower thrust requirements. Measured noise was observed to increase with airspeed at the mid and close monitors. At these monitors, aircraft were flying at airspeeds where flaps and slats were likely extended, so flying at higher airspeeds would be expected to increase airframe noise at these monitors. 

	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-49: True Airspeed Impact on Noise from Arriving A320 Aircraft 
	Effect 3: Landing Weight 
	Next, landing weight was observed to impact arrival noise as shown in Figure 4-50. Measured noise was a weak function of landing weight, but was observed to correlate most strongly at the close monitor, where a 1000 lb increase in thrust increased measured noise by approximately 0.02 dB on average. Landing weight was observed to vary by approximately 50,000 lb at the north close monitor. This meant that up to 1 dB variation in measured noise may have been attributable to variation in landing weight at the n
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-50: Weight Impact on Noise from Arriving A320 Aircraft 
	Effect 4: Altitude 
	The impact of altitude on measured noise is shown in Figure 4-51. Measured noise was observed to increase with altitude at the mid and close monitors. This trend was unexpected and may have been affected by factors such as variation in aircraft configuration close to the airport. At the far monitor, noise decreased by approximately 
	-

	0.6 dB for each additional 1000 ft increase in altitude. Altitude was observed to vary by approximately 1000 ft at the far monitor. This meant that approximately 0.6 dB variation in measured noise was potentially attributable to variation in altitude at the far monitor, although there may have been confounding factors. 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-51: Altitude Impact on Noise from Arriving A320 Aircraft 
	Effect 5: Flight Path Angle 
	Next, the impact of flight path angle on measured noise is shown in Figure 4-52. Measured noise increased at each monitor by up to 5.2 dB for each additional 10°increase in flight path angle. Flight path angle was observed to vary by approximately 3°at 
	Next, the impact of flight path angle on measured noise is shown in Figure 4-52. Measured noise increased at each monitor by up to 5.2 dB for each additional 10°increase in flight path angle. Flight path angle was observed to vary by approximately 3°at 
	-

	the mid and close monitors. This meant that approximately 1.5 dB variation in measured noise may have been attributable to variation in flight path angle, although there may have been confounding factors. This trend was expected because aircraft approaching the runway at shallower approach angles would be expected to require more thrust to maintain airspeed. 
	-


	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-52: Flight Path Angle Impact on Noise from Arriving A320 Aircraft 
	Next, the impact of environmental variables on measured noise was demonstrated at all three monitor locations. The environmental variables correlating with arrival noise at all three monitor locations were examined in order of strongest impact to weakest impact. Impact was determined by averaging the absolute value of the correlation coefficients at the close, mid, and far monitors. The environmental variable with the highest impact had the highest average correlation coefficient, and the variable with the 
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	Environmental Effect 1: Crosswind (Eastward Wind) 
	The impact of the crosswind (eastward) component at the three monitor locations is shown in Figure 4-53. Measured noise varied by up to 1.9 dB for each additional 10 knots of crosswind. The crosswind component was observed by vary by approximately 30 knots. This meant that up to 5.7 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. This observation may be explained by advection. Noise advected towards or away 
	The impact of the crosswind (eastward) component at the three monitor locations is shown in Figure 4-53. Measured noise varied by up to 1.9 dB for each additional 10 knots of crosswind. The crosswind component was observed by vary by approximately 30 knots. This meant that up to 5.7 dB variation in measured noise may have been attributable to variation in the crosswind component, although there may have been confounding factors. This observation may be explained by advection. Noise advected towards or away 
	the strongest correlation and steepest slope were observed at the close monitor. This trend was observed for the headwind component, which follows. 

	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-53: Eastward Wind (Crosswind) Impact on Noise from Arriving A320 Aircraft 
	-

	Environmental Effect 2: Headwind (Northward Wind) 
	The impact of headwind is shown in Figure 4-54. Measured noise was observed to correlate most strongly with northward wind at the close monitor, where a 10 knot change in headwind increased measured noise by up to 1.9 dB. Northward wind was observed to vary by 30 knots at the close monitor. This meant that up to 5.7 dB variation in measured noise may have been attributable to variation in headwind, although there may have been confounding factors. For arrivals, the headwind component was expected to impact 
	-
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	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-54: Northward Wind (Headwind) Impact on Noise from Arriving A320 Aircraft 
	-

	Environmental Effect 3: Temperature 
	The impact of temperature is shown in Figure 4-55. Measured noise correlated weakly with temperature. Measured noise was observed to decrease by 0.3-0.6 dB for each additional 10°C increase in temperature at the three monitors. Temperature was observed to vary by approximately 15°C at each monitor. This meant that up to 0.5-0.9 dB variation in measured noise may have been attributable to variation in temperature, although there may have been confounding factors. Measured noise was expected to increase with 
	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-55: Temperature Impact on Noise from Arriving A320 Aircraft 
	Environmental Effect 4: Relative Humidity 
	As shown in Figure 4-56, measured noise increased by up to 0.1 dB for each additional 10% increase in relative humidity at the mid and close monitors. Relative humidity 
	As shown in Figure 4-56, measured noise increased by up to 0.1 dB for each additional 10% increase in relative humidity at the mid and close monitors. Relative humidity 
	was observed to vary by approximately 60% at the two monitors. This meant that up to 0.6 dB variation in measured noise may have been attributable to variation in relative humidity, although there may have been confounding factors. This trend was consistent with the findings in [11], which demonstrates lower noise attenuation for increased relative humidity values above 20 percent. The opposite trend at the north far monitor was observed, but was possibly a result of the limited data set at the far monitor.

	Figure
	(a) North far monitor (b) North mid monitor (c) North close monitor 
	Figure 4-56: Relative Humidity Impact on Noise from Arriving A320 Aircraft 
	4.5.6 Impact of Airline-Specific Arrival Procedures on Measured A320 Noise 
	-

	Figure 4-57 shows how departure performance parameters for each airline varied relative to the average A320 flyover. The difference between the average airline parameter and the average overall parameter was then normalized by the maximum difference so that all values fell between -1 and 1. The average performance parameter values for each airline are given in Appendix C. 
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	Figure
	Figure 4-57: A320 Arrival Performance Parameter Averages by Airline Relative to Average A320 Southbound Arrival 
	At the north far monitor, the aircraft operated by Airline 7 were observed to be the quietest on average by 1.5 dB. These aircraft overflew the north far monitor 15 kts faster and with approximately 350 lb less thrust per engine than the average A320. The next quietest airline was Airline 4, which was quieter than the average by 0.6 dB and overflew the monitor at the average airspeed. These aircraft were lighter than the average A320 by approximately 3500 lb. The finding for Airline 7 was consistent with th
	4.5.7 Arrival Noise Data Summary 
	Thrust and airspeed were shown to have the strongest effect on community noise exposure due to aircraft arrivals. At far monitors, measured noise was observed to decrease as true airspeed increased. This finding was consistent with the delayed deceleration approach. The delayed deceleration approach may require less thrust (and therefore, produce less engine noise) and produce less airframe noise by enabling the aircraft to fly in cleanly configured states for a longer duration of the approach. The delayed 
	-
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	Chapter 5 
	Model-Based Validation of the Factors Contributing to Community Noise due to Aircraft Arrivals 
	The purpose of this chapter is to model the impacts of the variables found to correlate with aircraft noise in Chapter 4. First, the noise impacts of aircraft weight and relative humidity were modeled, since both were shown to impact noise due to departures and arrivals. Next, the noise from aircraft flying delayed deceleration approaches was modeled. Community noise due to arriving aircraft was shown in the data-driven exploration of Chapter 4 to vary inversely with true airspeed at the far monitor. This f
	5.1 Modeled Impacts of Aircraft Weight and Relative Humidity on Community Noise Exposure 
	-

	The impact of aircraft weight on noise exposure was modeled for arrivals. A reference Boeing 737-800 approach into Seattle, shown in Figure 5-1 (a), was modeled at 
	-

	approach weights ranging from 70% Maximum Landing Weight (MLW) to MLW in 10% increments. 70% MLW was treated as a lower bound on weight for this study, since weights below this approach the Operating Empty Weight (OEW). 
	Figure
	(a) Boeing 737-800 (b) Airbus A320 
	Figure 5-1: Example ADS-B velocity and altitude profiles and modeled thrust levels at different configuration settings 
	Each approach weight was modeled at each flap setting to determine the corresponding final approach noise. Sound exposure level (SEL) noise results at SEA11, whose location is shown in Figure 5-1, are given in Figure 5-2. 
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	Figure
	Figure 5-2: Variation in predicted noise with weight for a Boeing 737-800 reference approach into SEA 
	Figure 5-2: Variation in predicted noise with weight for a Boeing 737-800 reference approach into SEA 


	The results in Figure 5-2 demonstrate that approach weight has a measurable effect on noise at clean and lower flap settings (i.e., Flaps 1 -Flaps 5), but for higher flap settings (i.e., Flaps 25 and above) the effect of weight on noise is diminished. For the Boeing 737-800, there is a 2-3 dB difference in predicted noise between the 70% MLW and MLW cases for the Clean -Flaps 5 cases, while the difference is less than 1 dB for Flaps 30. This suggests that at lower flap settings, the increase in thrust assoc
	0.03 dB/1000 lb (note that SEA11 is placed near the north close monitor). For the 30% difference in MLW for the Boeing 737-800, this corresponds to a difference of 1.6 dB at the close and mid monitors. Therefore, estimating weight correctly is critical to generating realistic thrust and flap configuration estimates, which in turn contribute to plausible engine and airframe noise estimates, respectively. 
	Relative humidity was also shown to impact noise propagation. The impact of relative humidity was therefore modeled in ANOPP to determine whether modeled results are consistent with results from the data-driven study of Chapter 4. Attenuation due to relative humidity was modeled in ANOPP using the ANSI S1.26-2014 method [2]. To demonstrate the sensitivity of predicted noise to atmospheric conditions, noise from the baseline A320 flight from Figure 5-1(b) was modeled at SEA11 with the actual relative humidit
	-
	-
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	Figure
	Figure 5-3: Example humidity impact on predicted noise for an Airbus A320 flight 
	Figure 5-3: Example humidity impact on predicted noise for an Airbus A320 flight 


	5.2 Model-Based Validation of the Delayed Deceleration Approach 
	-

	Delayed deceleration approaches (DDAs) have previously been identified as a potential arrival noise abatement procedure [24] [23]. This is consistent with the findings in the data-driven analysis of factors correlating with aircraft noise of Chapter 4. The delayed-deceleration approach concept is demonstrated in Figure 5-4, which shows Boeing 737-800s on approach into Boston Logan Airport (BOS) in 2017. As shown in Figure 5-4, velocity on approach varies before the final approach stabilization point, the po
	Delayed deceleration approaches (DDAs) have previously been identified as a potential arrival noise abatement procedure [24] [23]. This is consistent with the findings in the data-driven analysis of factors correlating with aircraft noise of Chapter 4. The delayed-deceleration approach concept is demonstrated in Figure 5-4, which shows Boeing 737-800s on approach into Boston Logan Airport (BOS) in 2017. As shown in Figure 5-4, velocity on approach varies before the final approach stabilization point, the po
	-
	-
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	eration profiles if configuration deployment occurred at the same speed. In addition, aircraft that decelerate earlier in the approach will require more thrust to compensate for drag that arises from configuring the slats, flaps, and landing gear earlier 
	-


	Figure
	Figure 5-4: Radar velocity data and notional flap settings of example Boeing 737800 approaches, indicating significant velocity variation prior to stabilization point. Adapted from Figure 1 of [23] 
	Figure 5-4: Radar velocity data and notional flap settings of example Boeing 737800 approaches, indicating significant velocity variation prior to stabilization point. Adapted from Figure 1 of [23] 
	-



	[24] [23]. Reduced engine thrust due to delayed deceleration and flap deployment has been shown to yield fuel burn reductions [5][23]. 
	The model-based validation was conducted for Boeing 737-800, Airbus A320, and Embraer E190 flights at Boston Logan International Airport in 2015 and 2016 [17] and Seattle Tacoma International Airport in 2019. Thrust was modeled based on weight predicted from final approach speed and assumed flap and slat settings as described in Chapter 3. Modeled noise for each flight was compared with the noise recorded by monitors. Measured noise levels for the different aircraft types at varying velocities were compared
	approach. Therefore, a separate monitoring campaign that ran between 2015 and 2016 was used to obtain data at Boston. ASDE-X was used to provide aircraft surveillance data, while noise monitor data was collected from three Brüel & Kjær (B&K) sentinel noise monitors placed under the runway 22L RNAV approach path as described in [17]. These monitors are labeled as Noise Monitor A, B, and C in Figure 5-5 (a). Aircraft in the dataset included Boeing 737-800s and Embraer E190s. Flights recorded by the monitors w
	Figure
	(a) Aggregate Altitude Profiles (b) Aggregate Indicated Airspeed Profiles 
	Figure 5-6: Operational Boeing 737-800 Arrival Profiles, BOS RWY 22L 
	Figure
	(a) Aggregate Altitude Profiles (b) Aggregate Indicated Airspeed Profiles 
	Figure 5-7: Operational Embraer E190 Arrival Profiles, BOS RWY 22L 
	In addition, noise monitor data collected by the Port of Seattle was gathered for this analysis. Seattle Tacoma Airport publishes noise recordings for monitors located up to 14 nmi from the runway ends. Noise recordings for approaches into runways 16L/16C/16R during November 2019 were gathered for this analysis. The associated operational flight profiles were obtained from the OpenSky ADS-B database [19] and included Boeing 737-800s and Airbus A320s. As with the Boeing 737-800s and Embraer 190s at Boston, a
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	Figure
	(a) Aggregate Altitude Profiles (b) Aggregate Indicated Airspeed Profiles 
	Figure 5-8: Operational Airbus A320 Arrival Profiles, SEA RWY 16L/C/R 
	5.3.1 Flap Extension Assumptions 
	Flap settings were not known a priori from surveillance data sources such as ASDEX. Therefore, noise results were modeled for different flap settings for each flight. 
	The indicated airspeed profiles obtained from the operational ASDE-X data collection campaign were used to define reasonable flap extension locations for the three aircraft. Indicated airspeed was used as the basis for flap extension assumptions for two reasons. First, manufacturers publish flap speeds based on indicated airspeed, and pilots extend flaps using indicated airspeed as a primary reference. Second, using indicated airspeed ensured that winds aloft did not affect assumptions regarding flap extens
	-

	Flap extension was assumed to occur 10 knots below the maximum published flap speed for each aircraft, which was included in BADA [6]. These extension speeds are summarized in Tables 5.1 -5.3. Note that for the Embraer 190, Flaps 1 and Flaps 3 were omitted because drag data for these configurations was unavailable in BADA. 
	Table 5.1: B737-800 Flap Extension Speeds 
	Flap Setting Flaps 1 Flaps 5 Flaps 10 Flaps 15 Flaps 25 Flaps 30 Extension Speed [KIAS] 230 210 200 190 180 
	165 
	Table 5.2: E190 Flap Extension Speeds 
	Flap Setting Flaps 2 Flaps 4 Flaps Full Extension Speed [KIAS] 205 170 155 
	Table 5.3: A320 Flap Extension Speeds 
	Flap Setting CONF 1 CONF 2 CONF 3 FULL Extension Speed [KIAS] 220 190 175 167 
	5.3.2 Comparison of Modeled and Measured Noise 
	An example of the noise validation analysis is shown in Figure 5-11, which depicts a 737-800 approaching Runway 22L at Boston Logan International Airport. The aircraft overflew monitors C, B, and A at 20, 15, and 14 nmi to touchdown, respectively. The velocities in this profile begin at 235 knots over Noise Monitor C, 210 knots over Noise Monitor B, and 190 knots over Noise Monitor A. The groundspeed was converted to true and indicated airspeed in the regions where noise was modeled. In addition, the wind, 
	-
	the final approach airspeed 

	As mentioned in section 5.3.1, configuration deployment schedules were assumed for the thrust and weight predictions. Thrust and the resulting noise were modeled for each configuration setting. This is shown in Figure 5-9 (a), which shows the altitude, indicated airspeed, and modeled thrust profiles for this flight over the various configuration settings. The indicated airspeed profile also shows in gray the locations where each configuration change would have been made if deployment were to have occurred a
	Figure 5-9 (b) shows modeled noise results for each flap setting assumption in terms of Sound Exposure Level (SEL) in dB plotted with the measured noise at each 
	monitor location. Each dot represents the modeled noise for each configuration from clean to Flaps 25, and the actual monitor readings are denoted by the black asterisk. 
	Figure
	(a) Flight profiles (b) Modeled and measured noise 
	Figure 5-9: Boeing 737-800 early deceleration flight profile and noise modeling results compared to measured ASDE-X data 
	Figure 5-9 shows that there is a variation in the modeled noise of up to 7 dB SEL for a given location depending on the configuration setting assumed, suggesting that configuration deployment can account for some of the variation seen typically seen in noise monitor data. In addition, the modeled results appear to be consistent with the measured data when flap and slat changes are considered, and flap settings implied for a given location appear to be reasonable based on the expected setting for the velocit
	This trend is observed for various velocity profiles. An example of this analysis for a Boeing 737-800 that flew a delayed deceleration profile is shown in Figure 5-10 and an additional conventional, or intermediate, deceleration profile is shown in Figure 5-11. 
	The velocity profile in Figure 5-10 (a) shows the aircraft maintained a velocity of 215 knots over noise monitors C, B, and A before continuing its deceleration to the final approach speed during the 3,000 ft level segment. The noise results in Figure 5-10 (b) imply that a clean flap setting was maintained over all three monitors when compared to the measured noise results, which is consistent with the constant 215knot velocity held over each monitor. 
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	Figure
	(a) Flight profiles (b) Modeled and measured noise 
	Figure 5-10: Boeing 737-800 delayed deceleration flight profile and noise modeling results compared to measured ASDE-X data 
	The velocity profile in Figure 5-11 (a) shows the aircraft overflew noise monitor C at 230 knots before decelerating to 210 knots and 190 knots over monitors B and A, respectively. The noise results in Figure 5-11 (b) imply that the aircraft overflew noise monitor C in a clean configuration, and that the aircraft overflew monitors B and A with Flaps 5 deployed. These results are consistent with the velocities over each monitor. 
	Figure
	(a) Flight profiles (b) Modeled and measured noise 
	Figure 5-11: Boeing 737-800 intermediate deceleration flight profile and noise modeling results compared to measured ASDE-X data 
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	Measured and modeled noise were compared for the Embraer E190 using data at Boston Logan International Airport. Figure 5-12 (a) shows altitude and velocity ASDE-X data and modeled thrust of example conventional and delayed deceleration profiles that flew into runway 22L. Representative configuration deployment locations based on the flap deployment assumptions from Table 5.2 are shown in grey, along with the modeled thrust for those assumptions. Figure 5-12 (b) and (c) show the associated modeled and measur
	Figure
	(a) Altitude and velocity data and modeled thrust 
	(a) Altitude and velocity data and modeled thrust 


	Figure
	(b) Conventional modeled and measured noise 
	Figure 5-12: Embraer E190 flight profile and noise modeling results compared to measured ASDE-X data 
	Measured and modeled noise were compared for Airbus A320. Example A320 altitude and velocity data for conventional and delayed deceleration approaches to Runway 16 at SEA were used and are shown in Figure 5-13 (a), along with representative configuration deployment assumptions from Table 5.3 and modeled thrust. The associated modeled and measured noise over monitors 3, 9, and 11 are shown in Figure 5-13 (b) and (c). For the conventional deceleration case, the noise results for CONF 2, CONF 3, and FULL were 
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	11. In this case, the noise results for CONF 1 were consistent with the Noise Monitor 3 reading. 
	Figure
	(c) DDA modeled and measured noise 
	(c) DDA modeled and measured noise 


	Figure
	(a) Altitude and velocity data and modeled thrust 
	(a) Altitude and velocity data and modeled thrust 


	Figure
	(b) Conventional modeled and measured noise 
	Figure
	(c) DDA modeled and measured noise 
	(c) DDA modeled and measured noise 


	Figure 5-13: Airbus A320 flight profile and noise modeling results compared to measured ADS-B data 
	-

	Results for these analyses suggest that modeled noise from ASDE-X and ADS-B observations corrected for atmospheric conditions were consistent with noise monitor readings under reasonable flap setting assumptions for most cases. In addition, the modeled results suggest that there is noise reduction potential for delayed deceleration approach procedures compared to approaches that decelerate and configure early, the study of which is the objective for the next section. 
	5.4 Delayed Deceleration Approach Noise Impacts 
	on Measured Data 
	The purpose of this section is to use noise monitor data to demonstrate that aircraft flying at the same altitude may generate different noise signatures by flying at different velocities. Data-observed relations between speed, configuration, and noise can be applied to the design of procedures like delayed deceleration approaches. 
	Surveillance and noise monitor data from the two study airports were used in this examination. There may be significant variation in noise monitor readings due to flap, thrust, and weather effects. Therefore, flights that overflew noise monitors at the same altitude but with enough variation in velocity profiles to imply different flap settings were isolated. At Boston Logan International Airport, flights over Noise Monitor A had the greatest variation in speed profiles, while at Seattle Tacoma Internationa
	First, various Boeing 737-800 approaches into Boston and Seattle are shown. The comparison was performed between flights with velocities greater than 220 knots and flights below 220 knots. Aircraft flying faster than 220 knots were likely cleanly configured, while aircraft flying below 220 knots were likely to have deployed flaps. Boeing 737-800s flying below the 220-knot DDA threshold before the monitor were expected to overfly with Flaps 5 or greater deployed. The collection of Boeing 737-800 flight profi
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	Figure
	(a) BOS, 3000 ft (b) SEA, 4000 ft 
	Figure
	(c) BOS, 3500 ft (d) SEA, 5000 ft 
	Figure 5-14: Boeing 737-800 surveillance data and measured noise over monitors at BOS and SEA for different velocity profiles 
	Although the overflight altitudes were similar in these examples, variations in the atmospheric conditions were expected to result in variations to the recorded noise for the same operational setting. However, the data presented indicates higher average noise when the aircraft flew below the 220-knot DDA threshold compared to the cases where the aircraft overflew the monitors above the 220 knot threshold. The average difference between the loudest early deceleration approaches and quietest delayed decelerat
	Although the overflight altitudes were similar in these examples, variations in the atmospheric conditions were expected to result in variations to the recorded noise for the same operational setting. However, the data presented indicates higher average noise when the aircraft flew below the 220-knot DDA threshold compared to the cases where the aircraft overflew the monitors above the 220 knot threshold. The average difference between the loudest early deceleration approaches and quietest delayed decelerat
	monitor A (Figure 5-14 a), was an early deceleration approach. 

	Next, Airbus A320 approaches into Seattle are shown. The collection of A320 flight profiles with altitudes within 100 feet of each other when the aircraft overflew noise monitor 3 is shown in Figure 5-15. For the Airbus A320 profiles shown in Figure 5-15, 200 knots was identified as the DDA threshold. Aircraft that flew below the 200-knot DDA threshold prior to the noise monitor were expected to have been configured with CONF 1 or greater. Flights with velocities greater than 200 knots when they overflew Se
	Figure
	(a) SEA, 4000 ft (b) SEA, 5000 ft 
	Figure 5-15: A320-200 ADS-B data and measured noise over monitors at SEA for different velocity profiles 
	Like with the Boeing 737-800, the data presented indicates higher average noise when the aircraft flew below the 200-knot DDA threshold compared to the cases where the aircraft overflew the monitors above the 200-knot threshold. The average difference between the loudest early deceleration approaches and quietest delayed deceleration approaches was 3.0 dB. Although the magnitude of this difference was 
	4.0 dB less than the average difference presented for the Boeing 737-800, note that the profiles shown in Figure 5-15 predict that the DDAs overflew noise monitor 3 with flaps set to CONF 1, while all DDA overflights for the Boeing 737-800 occurred 
	4.0 dB less than the average difference presented for the Boeing 737-800, note that the profiles shown in Figure 5-15 predict that the DDAs overflew noise monitor 3 with flaps set to CONF 1, while all DDA overflights for the Boeing 737-800 occurred 
	when the aircraft was flying in a clean configuration. Hence, a truly impactful DDA procedure would set a speed restriction such that aircraft approach the airport with a clean configuration over the noise abatement areas. The quietest (73.5 dB) overflight was a delayed deceleration approach, while the loudest (76.5 dB) overflight was an early deceleration approach. 

	Finally, Embraer E190 approaches into Boston are shown. The collection of E190 flight profiles with altitudes within 100 feet of each other when the aircraft overflew Boston noise monitor A is shown in Figure 5-16. For the profiles shown in Figure 5-16, 205 knots was identified as the DDA threshold. Aircraft flying below the 205knot DDA threshold prior to the monitor were expected to be configured with Flaps 2 or greater. Flights with velocity greater than 205 knots when they overflew Seattle noise monitor 
	-

	Figure
	Figure 5-16: Embraer E190 ASDE-X data and measured noise over monitors at BOS for different velocity profiles 
	The Embraer E190 overflights generated higher average noise when the aircraft flew below the 205-knot DDA threshold compared to the cases where the aircraft overflew the monitors above the 205 knot threshold. The average difference between the loudest early deceleration approaches and quietest delayed deceleration approaches was 3.0 dB. Note again that for all flyovers, the aircraft was assumed to be configured 
	The Embraer E190 overflights generated higher average noise when the aircraft flew below the 205-knot DDA threshold compared to the cases where the aircraft overflew the monitors above the 205 knot threshold. The average difference between the loudest early deceleration approaches and quietest delayed deceleration approaches was 3.0 dB. Note again that for all flyovers, the aircraft was assumed to be configured 
	-

	with Flaps 2. Hence, it is of interest to design delayed deceleration procedures such that aircraft overfly the noise abatement area with a completely clean configuration. Had the DDA shown in Figure 5-16 been predicted to have flown with a clean configuration, the magnitude of this average difference would likely be greater. Like with the 737-800 and A320, the quietest (70.0 dB) overflight was a delayed deceleration approach, while the loudest (73.0 dB) overflight was an early deceleration approach. 
	-


	On average across the different aircraft types, cases for which overflights occurred above the DDA thresholds resulted in quieter noise recordings than those of aircraft that were below the DDA threshold prior to the monitors. These results indicate potential noise benefits for delayed deceleration approaches compared to procedures where aircraft decelerate and deploy flaps earlier due to the delay in the onset of flap noise. 
	Chapter 6 
	Conclusion and Future Work 
	This thesis presented a framework to model aircraft noise using open-source surveillance data, performed a data-based exploration of the factors that correlate with departure and arrival noise, and performed a model-based validation of the factors correlating with noise for arrivals. 
	-

	The aircraft noise modeling framework demonstrated that readily-available surveillance and noise monitoring data can be used to model aircraft performance and community noise exposure. This measurement comparison can be developed into a large dataset. With a large dataset, the analytical methods presented can be used to identify potential noise sources not yet identified by the models. Furthermore, noise models can be developed using data mining techniques. 
	-
	-

	The data-driven exploration of factors correlating with noise demonstrated that variation in departure noise can be attributed to operator-specific climb procedures, aircraft weight, and environmental factors. Altitude was shown to have the strongest effect on community noise exposure. Airline-specific procedures with higher thrust and higher initial climb gradients were observed to have lower noise exposure. This finding may help inform the development of new noise abatement departure procedures. For arriv
	The data-driven exploration of factors correlating with noise demonstrated that variation in departure noise can be attributed to operator-specific climb procedures, aircraft weight, and environmental factors. Altitude was shown to have the strongest effect on community noise exposure. Airline-specific procedures with higher thrust and higher initial climb gradients were observed to have lower noise exposure. This finding may help inform the development of new noise abatement departure procedures. For arriv
	-

	weight data. Finally, environmental factors including ambient wind and relative humidity were shown to have impacts on climb performance (headwind), advection of noise (crosswind), and attenuation of noise (relative humidity). 
	-


	The model-based validation of delayed deceleration approach procedures flown by Boeing 737-800, Airbus A320, and Embraer E190 demonstrated that modeled results were consistent with recorded monitor data when the weight, weather, and configuration settings were modeled. The results demonstrated significant variation in the noise depending on the configuration setting assumed, and that lower noise levels were achieved when the aircraft was maintained in a clean configuration for a longer duration of the proce
	Notably, the analysis in this thesis was conducted using only Boston ASDE-X and Seattle ADS-B data. While flight data recorder data would help verify assumptions about flap setting, weight, and thrust, it is not necessary for noise prediction. When combined with atmospheric corrections, easily obtainable ASDE-X or ADS-B data can be used for future noise validation efforts. 
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	Boeing 737NG Departure Noise Trends at Seattle North Monitors 
	North Close Monitor 
	Figure
	(a) Altitude impact, north close monitor (b) Weight impact, north close monitor 
	Figure
	(c) Thrust impact, north close monitor 
	(c) Thrust impact, north close monitor 


	Figure
	(d) True airspeed impact, north close monitor 
	-

	Figure
	(e) 
	(e) 
	(e) 
	(e) 
	Flight path angle impact, north close monitor (f) Temperature impact, north close monitor 


	(g) 
	(g) 
	Northward wind (tailwind) impact, north close monitor. Northward wind posi-tive to the north 


	Figure
	Figure
	Figure
	(h) Eastward wind (crosswind) impact, north close monitor. Eastward wind posi-tive to the east 
	(h) Eastward wind (crosswind) impact, north close monitor. Eastward wind posi-tive to the east 


	Figure
	(i) Relative humidity wind impact, north close monitor 
	Figure A-1: Trends for the Boeing 737NG at the north close monitor 
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	Figure A-2: Trends for the Boeing 737NG at the north mid monitor 
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	Figure A-3: Trends for the Boeing 737NG at the north far monitor 
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	Airbus A320 Departure Noise Trends at Seattle North Monitors 
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	Figure B-1: Trends for the Airbus A320 at the north close monitor 
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	Figure B-2: Trends for the Airbus A320 at the north mid monitor 
	North Far Monitor 
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	Altitude impact, north far monitor (b) Weight impact, north far monitor 
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	Thrust impact, north far monitor (d) True airspeed impact, north far monitor 
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	(e) Flight path angle impact, north far mon-
	itor (f) Temperature impact, north far monitor 
	Figure
	(g) Northward wind (headwind) impact, (h) Eastward wind (crosswind) impact, north far monitor. Northward wind positive north far monitor. Eastward wind positive to the north to the east 
	Figure
	(i) Relative humidity wind impact, north far monitor 
	Figure B-3: Trends for the Airbus A320 at the north far monitor 
	Appendix C 
	Airline Performance Parameter Averages 
	B737NG Departures 
	Average departure performance parameters for the B737NG at the south close, mid, and far monitors are summarized for each airline in Tables C.1, C.2, and C.3, respectively. 
	-

	Table C.1: B737NG Departure Performance Parameter Averages by Airline, South Close Monitor. 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	88.1 
	2026 
	9781 
	124584 
	195 
	3.3 

	AL3 
	AL3 
	88.1 
	1980 
	10278 
	124989 
	204 
	3.1 

	AL4 
	AL4 
	88.6 
	2044 
	9960 
	123929 
	203 
	3.0 

	AL6 
	AL6 
	86.3 
	2160 
	10982 
	123248 
	200 
	4.0 

	AL7 
	AL7 
	89.4 
	1877 
	10225 
	122262 
	205 
	3.7 


	Table C.2: B737NG Departure Performance Parameter Averages by Airline, South Mid Monitor 
	Table C.2: B737NG Departure Performance Parameter Averages by Airline, South Mid Monitor 
	Table C.2: B737NG Departure Performance Parameter Averages by Airline, South Mid Monitor 

	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	84.7 
	2615 
	10306 
	124491 
	215 
	3.9 

	AL3 
	AL3 
	84.2 
	2473 
	10707 
	124838 
	228 
	4.2 

	AL4 
	AL4 
	85.0 
	2546 
	10426 
	124039 
	227 
	3.9 

	AL6 
	AL6 
	82.0 
	2788 
	10985 
	123310 
	218 
	5.8 

	AL7 
	AL7 
	85.2 
	2606 
	10509 
	122288 
	221 
	5.9 


	Table C.3: B737NG Departure Performance Parameter Averages by Airline, South Far Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	82.6 
	3709 
	10698 
	124335 
	258 
	7.8 

	AL3 
	AL3 
	81.4 
	3932 
	10401 
	125539 
	255 
	5.9 

	AL4 
	AL4 
	82.1 
	4077 
	10586 
	123818 
	258 
	6.3 

	AL6 
	AL6 
	78.3 
	4511 
	11533 
	122709 
	254 
	6.0 

	AL7 
	AL7 
	80.6 
	4578 
	11307 
	120706 
	254 
	5.4 


	A320 Departures 
	Average departure performance parameters for the Airbus A320 at the south close, mid, and far monitors are summarized for each airline in Tables C.1, C.2, and C.3, respectively. 
	Table C.4: A320 Departure Performance Parameter Averages by Airline, South Close Monitor 
	Table C.4: A320 Departure Performance Parameter Averages by Airline, South Close Monitor 
	Table C.4: A320 Departure Performance Parameter Averages by Airline, South Close Monitor 

	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	88.2 
	2299.2 
	10586 
	141932 
	187 
	3.7 

	AL3 
	AL3 
	86.1 
	2199.1 
	11233 
	137469 
	185 
	3.3 

	AL4 
	AL4 
	86.9 
	2382.6 
	11299 
	134457 
	190 
	3.5 

	AL7 
	AL7 
	86.4 
	2195.1 
	11067 
	136489 
	194 
	3.3 

	AL9 
	AL9 
	88.0 
	2049.3 
	10407 
	138166 
	191 
	2.2 

	AL10 
	AL10 
	86.3 
	2389.3 
	10266 
	139852 
	183 
	3.0 

	AL11 
	AL11 
	88.1 
	2324.6 
	11364 
	139996 
	188 
	3.5 

	AL12 
	AL12 
	85.5 
	2335.4 
	10627 
	137139 
	184 
	3.0 


	Table C.5: A320 Departure Performance Parameter Averages by Airline, South Mid Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	84.3 
	2839 
	9792 
	141898 
	200 
	2.8 

	AL3 
	AL3 
	83.5 
	2713 
	11041 
	137751 
	208 
	3.0 

	AL4 
	AL4 
	84.6 
	2931 
	11696 
	134359 
	218 
	3.7 

	AL7 
	AL7 
	83.6 
	2780 
	11109 
	136608 
	215 
	4.4 

	AL9 
	AL9 
	84.5 
	2990 
	11245 
	136723 
	205 
	3.5 

	AL10 
	AL10 
	83.0 
	2854 
	10415 
	140005 
	200 
	2.8 

	AL11 
	AL11 
	84.4 
	2839 
	10503 
	139776 
	207 
	3.1 

	AL12 
	AL12 
	83.0 
	2802 
	10737 
	137265 
	208 
	3.2 


	Table C.6: A320 Departure Performance Parameter Averages by Airline, South Far Monitor 
	Table C.6: A320 Departure Performance Parameter Averages by Airline, South Far Monitor 
	Table C.6: A320 Departure Performance Parameter Averages by Airline, South Far Monitor 

	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL3 
	AL3 
	84.3 
	2839 
	9792 
	141898 
	200 
	2.8 

	AL4 
	AL4 
	80.5 
	4676 
	12836 
	133496 
	262 
	7.9 

	AL7 
	AL7 
	79.7 
	4516 
	13576 
	135702 
	257 
	6.4 

	AL11 
	AL11 
	80.6 
	4204 
	14014 
	136580 
	263 
	8.5 


	B737NG Arrivals 
	Average arrival performance parameters for the B737NG at the three monitors are summarized for each airline in Tables C.9, C.8, and C.7, respectively. Table C.7: B737NG Arrival Performance Parameter Averages by Airline, North Far Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	Airspeed [KTAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	77.3 
	4263 
	987 
	106414 
	217 
	-2.5 

	AL3 
	AL3 
	76.9 
	3997 
	2625 
	104447 
	198 
	-1.3 

	AL4 
	AL4 
	76.2 
	4052 
	2334 
	109725 
	204 
	-1.1 

	AL6 
	AL6 
	77.6 
	4001 
	3023 
	99812 
	187 
	-2.5 

	AL7 
	AL7 
	74.9 
	3949 
	1438 
	109103 
	213 
	-1.4 


	Table C.8: B737NG Arrival Performance Parameter Averages by Airline, North Mid Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	TAS [KIAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	81.8 
	2219 
	3050 
	105121 
	174 
	-3.1 

	AL2 
	AL2 
	79.7 
	2196 
	4824 
	98581 
	174 
	-3.1 

	AL3 
	AL3 
	80.9 
	2241 
	3903 
	104073 
	175 
	-3.1 

	AL4 
	AL4 
	80.9 
	2224 
	3919 
	108644 
	175 
	-3.0 

	AL5 
	AL5 
	81.0 
	2222 
	4369 
	104849 
	169 
	-3.1 

	AL6 
	AL6 
	80.6 
	2209 
	3751 
	98086 
	174 
	-3.0 

	AL7 
	AL7 
	80.8 
	2230 
	3443 
	106341 
	176 
	-3.1 


	Table C.9: B737NG Arrival Performance Parameter Averages by Airline, North Close Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	TAS [KIAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	86.3 
	1087 
	5373 
	104659 
	150 
	-3.0 

	AL2 
	AL2 
	85.6 
	1113 
	4585 
	98780 
	145 
	-3.0 

	AL3 
	AL3 
	86.3 
	1099 
	4726 
	104373 
	150 
	-3.1 

	AL4 
	AL4 
	86.4 
	1094 
	5203 
	108927 
	150 
	-3.1 

	AL5 
	AL5 
	85.6 
	1106 
	5102 
	106525 
	149 
	-2.9 

	AL6 
	AL6 
	85.4 
	1095 
	4310 
	97319 
	142 
	-3.0 

	AL7 
	AL7 
	86.3 
	1101 
	5056 
	106107 
	149 
	-3.1 


	A320 Arrivals 
	Average arrival performance parameters for the A320 at the three monitors are summarized for each airline in Tables C.12, C.11, and C.10, respectively. 
	-

	Table C.10: A320 Arrival Performance Parameter Averages by Airline, North Far Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	TAS [KIAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	76.5 
	4364 
	71 
	114126 
	208 
	-1.3 

	AL3 
	AL3 
	76.5 
	4117 
	973 
	111219 
	199 
	-1.2 

	AL4 
	AL4 
	76.0 
	4101 
	960 
	106715 
	202 
	-1.3 

	AL7 
	AL7 
	75.0 
	4369 
	616 
	114664 
	217 
	-2.3 

	AL11 
	AL11 
	82.9 
	4595 
	2915 
	111541 
	212 
	-2.1 


	Table C.11: A320 Arrival Performance Parameter Averages by Airline, North Mid Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	TAS [KIAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	80.8 
	2224 
	2904 
	125625 
	173 
	-2.9 

	AL3 
	AL3 
	81.3 
	2202 
	3317 
	112709 
	176 
	-3.0 

	AL4 
	AL4 
	81.5 
	2197 
	3016 
	109577 
	174 
	-2.9 

	AL7 
	AL7 
	80.4 
	2212 
	2788 
	112439 
	172 
	-3.1 

	AL9 
	AL9 
	82.3 
	2286 
	3585 
	104204 
	161 
	-3.1 

	AL10 
	AL10 
	80.1 
	2228 
	3436 
	112678 
	173 
	-3.0 

	AL11 
	AL11 
	80.2 
	2200 
	3248 
	116019 
	174 
	-3.0 

	AL12 
	AL12 
	78.9 
	2201 
	2510 
	113555 
	174 
	-2.8 

	AL13 
	AL13 
	83.4 
	2302 
	2684 
	104551 
	182 
	-3.1 


	Table C.12: A320 Arrival Performance Parameter Averages by Airline, North Close Monitor 
	Airline 
	Airline 
	Airline 
	SEL [dB] 
	Altitude [ft] 
	Thrust Per Eng. [lb] 
	Weight [lb] 
	TAS [KIAS] 
	Flight Path Angle [deg] 

	AL1 
	AL1 
	85.5 
	1098 
	5712 
	124975 
	147 
	-3.0 

	AL3 
	AL3 
	85.8 
	1091 
	4615 
	112614 
	141 
	-3.0 

	AL4 
	AL4 
	85.6 
	1095 
	4794 
	109776 
	137 
	-3.0 

	AL7 
	AL7 
	84.2 
	1104 
	4706 
	111949 
	140 
	-3.0 

	AL9 
	AL9 
	86.4 
	1099 
	5627 
	103797 
	139 
	-2.5 

	AL10 
	AL10 
	86.5 
	1117 
	4906 
	113943 
	140 
	-3.0 

	AL11 
	AL11 
	84.8 
	1083 
	4921 
	115871 
	144 
	-3.0 

	AL12 
	AL12 
	84.5 
	1110 
	5356 
	113574 
	137 
	-2.9 

	AL13 
	AL13 
	83.7 
	1161 
	5116 
	106572 
	135 
	-2.8 
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