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Abstract: Aviation is a vital modern transportation sector connecting millions of passengers glob-
ally. Sustainable aviation development holds substantial community benefits, necessitating effective
management of its environmental impacts. This paper addresses the need for an accurate and cost-
effective aircraft noise monitoring model tailored to non-towered general aviation airports with
limited resources for official air traffic data collection. The existing literature highlights a heavy
reliance on air traffic data from control facilities in prevailing aircraft noise modeling solutions,
revealing a disparity between real-world constraints and optimal practices. Our study presents a
validation of a three-stage framework centered on a low-cost transponder unit, employing an innova-
tive experimental and analytical approach to assess the model’s accuracy. An economical Automatic
Dependent Surveillance-broadcast (ADS-B) receiver is deployed at Purdue University Airport (ICAO
Code: KLAF) to estimate aircraft noise levels using the developed approach. Simultaneously, a
physical sound meter is positioned at KLAF to capture actual acoustic noise levels, facilitating a
direct comparison with the modeled data. Results demonstrate that the developed noise model
accurately identifies aircraft noise events with an average error of 4.50 dBA. This suggests the viability
of our low-cost noise monitoring approach as an affordable solution for non-towered general aviation
airports. In addition, this paper discusses the limitations and recommendations for future research.

Keywords: aviation; aircraft noise monitoring; non-towered airport; sustainability; automatic
dependent surveillance-broadcast (ADS-B); environmental impact mitigation
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1. Introduction

Air transportation is an indispensable pillar in modern global connectivity, facilitating
the travel of millions of passengers worldwide. The sustainable and consistent growth of
the aviation sector is of paramount importance to society, as it contributes to the livelihoods
of 87.7 million individuals and generates an impressive USD 3.5 trillion in global GDP [1].
However, this remarkable progress is accompanied by an environmental challenge—aircraft
noise, which has the potential to cause considerable residential disturbance, impeding the
development and expansion of airports [2,3]. The Civil Aviation Authority (CAA) of the
United Kingdom (UK) concluded that noise is the main environmental concern regarding
GA operations near the local community [4]. Hot topics concerning aviation noise include
circuit training, aerobatics, parachute dropping/glide tug aircraft, and piston engines.
Circuit training is essential to pilot training as it exercises coordination and judgment,
teaches student pilots to make safe maneuvers such as takeoff and landing, and coordinates
turns. Some important features of such training are the extremely repetitive maneuvers
with aircraft flying at low altitudes (below ~5000 ft) for prolonged periods of time.

Several studies focus on the noise complaints triggered by local airport operations.
A study aimed to investigate the local community’s perspective regarding the type of
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operations at eight airports in Massachusetts [5]. Another study surveyed two hundred
thirty-one respondents who lived in the vicinity of the Decatur, lllinois Airport (ICAO
Code: KDEC) and found that the percent of respondents were highly annoyed versus
DNL and reasonable comparisons between the respondents’ predicted traffic and truth
traffic data [6]. In more recent studies, Friedt and Cohen [7] indicated noise complaints
are a reliable measure of residential noise annoyance and significantly affect home prices,
extending nearly twice as far (10 km) as contours.

Schomer [8] examined issues regarding noise monitoring in the vicinity of moderate-
sized airports using day/night average sound levels (DNL) and concluded that selecting
quiet sites would reduce the community noise impact in the noise monitoring procedure.
Therefore, a comprehensive comprehension of aircraft noise is imperative for minimizing
and mitigating aviation’s environmental impact on surrounding communities [9-11].

To address this challenge, various aviation environmental modeling tools have been
developed, including the Aviation Environmental Design Tool (AEDT) and the Aircraft
Noise Prediction Program 2 (ANOPP2) by the Federal Aviation Administration (FAA) and
the National Aeronautics and Space Administration (NASA) [12-14]. These tools primarily
rely on air traffic data to calculate noise levels, as Figure 1 [15] depicts. However, such
modeling approaches are notably limited in their applicability, particularly in non-towered
general aviation (GA) airports, where acquiring reliable air traffic data poses significant
resource challenges. According to the FAA’s National Plan of Integrated Airport Systems
(NPIAS) report for 2021-2025, a substantial portion of existing airports (2000 out of 3304)
lack air traffic facilities or full-time personnel to record air traffic data [16]. This disparity
between current aircraft noise modeling methodologies and the absence of dependable air
traffic data at non-towered GA airports forms the focal point of this study:.
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Figure 1. Existing aviation environmental modeling approaches [15].

The Aviation Environmental Design Tool (AEDT) has been a cornerstone in aviation
environmental impact assessment in the U.S., particularly at airports where comprehensive
aircraft operation and fleet mix data are readily available [11,12,17]. Researchers have
explored strategies for optimizing aircraft departure and arrival procedures to enhance
aviation environmental impact assessments, heavily relying on AEDT [18-31]. Notably,
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Behere et al. [30] pioneered a data-driven approach to refining noise assessments using
AEDT and openly accessible surveillance data. Ang and Cui [31] also defined the aircraft
noise metrics commonly used to assess environmental impacts.

However, while these environmental assessment tools are invaluable for primary com-
mercial airports with robust air traffic data, a significant challenge arises at the 2000 non-
primary airports designated in the National Plan of Integrated Airport Systems (NPIAS).
Many of these non-primary airports lack the necessary resources, including funding and
full-time personnel, to implement physical acoustic sound meters or utilize airport envi-
ronmental modeling tools [16,32,33]. Researchers are now driven to explore cost-effective
solutions for these airports’ air traffic estimation challenges. Among these solutions, using
aircraft transponder data is a practical and feasible method for estimating aircraft noise
levels at non-towered airports.

One of the primary hurdles in estimating aircraft noise impact using aircraft transpon-
der data is the requirement for direct air traffic data, encompassing information on aircraft
operations and fleet composition. The Automatic Dependent Surveillance-broadcast (ADS-
B), a Next-gen communication, navigation, and surveillance (CNS) technology in the United
States, plays a pivotal role in this context [34,35]. Recent years have witnessed a grow-
ing interest in estimating aircraft operations through analyzing ADS-B messages [36—41].
Mott [36] demonstrated the cost-effectiveness of ADS-B messages for estimating operations
at non-towered airports. Yang et al. [40] introduced an innovative approach leveraging
ICAOQ identification codes to extract fleet mix data from FAA public databases. Building
on these developments, the potential of using ADS-B messages for aircraft noise estima-
tion is evident [39]. Still, further investigation and validation are necessary to realize this
technology’s potential.

Considering these considerations, our study introduces an innovative low-cost noise
monitoring technology tailored to non-towered general aviation airports. This technology
is subjected to a rigorous evaluation using an experimental and analytical approach. Firstly,
we estimate aircraft noise impacts based on a three-stage framework developed by Yang
and Mott [41]. Secondly, we employ a physical acoustic sound meter to capture the actual
aircraft noise levels, and the corresponding noise events are meticulously documented to
serve as a reference for evaluation and validation.

Preliminary evaluation results form the basis for a segmentation analysis, allow-
ing for a more nuanced understanding of the proposed technology’s performance. Our
study underscores the potential of Automatic Dependent Surveillance-broadcast (ADS-
B) messages as a cost-effective and accessible resource for noise modeling solutions to
non-towered airports.

As our research unfolds, we will present the outcomes of this study, engage in a
thoughtful discussion of the technology’s limitations, and provide recommendations for
future research. These insights aim to chart a path for refining and advancing this inno-
vative technology, ensuring its continued relevance and utility in aviation environmental
impact assessment.

2. Materials and Methods

The methodology employed in this study is elucidated through the following proce-
dural steps:

e  ADS-B Data Collection and Processing: Initial data acquisition involves collecting and
processing Automatic Dependent Surveillance-broadcast (ADS-B) data from aircraft
operating at Purdue University Airport (KLAF). These data are subject to processing
using heuristics established by Yang and Mott [41]. This step forms the foundation for
our aircraft noise impact estimation.
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e Noise Event Documentation: Noise events occurring during the data collection are
meticulously recorded. These records serve as crucial reference points for the subse-
quent analytical procedures, facilitating an in-depth evaluation of the developed noise
estimation approach.

e  Ground Truth Data from Gain Express® (sourced from Hongkong, China): Aircraft
noise data gathered via the deployment of the Gain Express® acoustic sound meter

at KLAF is considered the “ground truth” against which our modeled noise data is

benchmarked. This step ensures that the accuracy and reliability of the noise modeling

process are rigorously evaluated.

The methodological framework described above forms the basis for our investigation,
providing a structured and systematic approach for assessing the feasibility and accuracy
of the innovative low-cost noise monitoring technology tailored to the specific needs of
non-towered general aviation airports.

2.1. Low-Cost Noise Monitoring Model
2.1.1. Aircraft Trajectory and Fleet Mix Estimation

This stage of the study entails using ADS-B messages to estimate aircraft trajectory
and the composition of the fleet mix.

1. Filtering Raw ADS-B Records: Raw ADS-B records are initially subjected to a rigorous
filtering process to enhance the accuracy of the trajectory estimation. This filtering is
based on a predefined geo-fence, which includes two critical parameters:

e  Altitude: The original ADS-B records are cleaned using altitude criteria in align-
ment with the traffic pattern altitude suggested by Mott [36]. This ensures that
only relevant data are considered for trajectory estimation, enhancing the preci-
sion of the analysis.

e Distance to the Airport: Given that the ADS-B receiver is typically installed
within or near the airport, the distance between the aircraft and the receiver is
approximated as the distance between the aircraft and the airport. This approxi-
mation further refines the dataset, focusing on aircraft near the airport.

2. Utilizing ICAO Aircraft Identification Code: A pivotal element in aircraft noise mod-
eling, the ICAO aircraft identification code is a unique identifier linking aircraft to
their registration in the United States [42]. To enrich the analysis, we draw from the
innovative data integration procedure developed by Yang et al. [40]. This procedure
enables acquiring crucial fleet mix information, encompassing aircraft types, models,
and engine specifications, directly from the FAA aircraft registration databases. This
integration empowers us to comprehensively understand the aircraft fleet mix, a key
component in accurate noise modeling.

This initial stage forms the cornerstone of our methodology, setting the stage for
precise trajectory estimation and comprehensive fleet mix analysis [40,43]. By leveraging
ADS-B messages and advanced data integration procedures, we ensure that the subsequent
stages of our study are built upon a solid foundation of high-quality data.

2.1.2. Aircraft Operation Mode and Thrust Estimation

This stage focuses on developing a Point Mass Model (PMM) to facilitate the kinematic
analysis of aircraft trajectories derived from Stage 1 (refer to Figure 2) [43]. Given the
correlations among noise vs. power vs. distance in the EUROCONTROL NPD curves [44],
it is imperative to highlight the critical role of operation mode and thrust (power setting) in
this study’s noise metrics computation.



Aerospace 2024, 11, 199

50f18

Start

Loading of aircraft four-dimensional information from
ADS-B data & airport parameters

Is this aircraft
within the
boundary ?

Yes

Extraction of fleet mix information
1
Kinematic analysis of constructed
point mass model

¥

Comparison of the actual performance parameters and
the threshold values

]
‘ Determination of operation mode ‘

¥

‘ Determination of power setting ‘

Figure 2. Flow diagram of the developed noise modeling approach [15].

1.

Aircraft Performance Parameters and Operation Mode Determination: According
to Yang and Mott [43], various aircraft performance parameters, including ground
speed, mean acceleration/deceleration, and rate of climb/descent, were derived
directly or indirectly from the ADS-B messages. These parameters are instrumental
in determining the operation mode of the aircraft, a pivotal aspect in our noise
modeling process.

Handling Thrust Values: One of the challenges encountered in our approach pertains
to thrust (power setting) values. To address this, we assumed the thrust value as the
median between two bounded values derived from the determined aircraft operation
mode [41,44]. Moreover, it is essential to note that different aircraft may possess
distinct units for thrust (power setting) values. For instance, consider the power
setting values of a Piper Warrior aircraft in departure mode, bounded between 2150
and 2600 revolutions per minute (RPM). Similarly, the thrust values of a Cessna
172 aircraft in departure mode are between 59.6% and 100% of the maximum static
thrust. In this paper, when we identified a sampled aircraft as a Piper Warrior aircraft
in departure mode, the corresponding power setting was set at 2375 RPM (the median
value between the lower bound of 2150 and the upper bound of 2600 RPM). Similarly,
when a sampled aircraft was identified as a Cessna 172 in departure mode, the
corresponding thrust (power setting) value was established at 79.8% of the maximum
static thrust (the median value between the lower bound of 59.6% and the upper
bound of 100% of maximum static thrust). Should a sampled aircraft be identified in
cruise mode, we established the corresponding power setting as the median value
between the upper bound of the approach and the lower bound of departure modes.
The rationale of this assumption is based on the statistical central limit theorem. Since
the sample size is larger than 30, the sampling distribution of the means of the power
setting for the cruise mode will always be normally distributed. Therefore, a median
value between the upper bound of the approach and the lower bound of departure
will be statistically reasonable to represent the cruise mode power setting. However,
this is one of the limitations of this design, which needs to incorporate onboard flight
data recorders (FDRs) to improve prediction in future studies.
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This stage ensures that our aircraft noise modeling process is underpinned by a
robust and standardized method for handling thrust values, essential for accurate noise
metric calculations.

2.1.3. Estimation of Aircraft Noise Levels

Our aircraft noise database draws upon the EUROCONTROL noise-to-power-to-
distance (NPD) curves, as employed within the U.S. FAA’s Aviation Environmental Design
Tool (AEDT) technical manual [13]. These NPD curves serve as the cornerstone of our noise
metric calculations, ensuring accuracy and consistency in our analyses.

In cases necessitating interpolation, we adhered to the upper and lower-bound power
settings outlined within the NPD curves [44]. This constraint ensures that the power settings
utilized for noise metric calculations remain harmonious with the NPD curves, aligning our
computations with established standards. Similarly, our methodology enforced constraints
on the slant range, also bounded by the NPD slant range distance values. This bounding of
the slant range distance further fortified the precision and reliability of our noise metric
computations. In instances requiring extrapolation, we determined the thrust (power
setting) values and the slant range distances as the values closest to the derived power
and slant range distances, respectively [38]. This approach safeguards the integrity of our
noise modeling, even when extrapolation is essential to the analysis. AEDT prescribed a
standardized baseline noise metric interpolation and extrapolation equations for our noise
metric calculations. These equations, denoted by Equation (3), integrate the thrust (power
setting) values and distances sourced from the NPD curves.

(Lpu/dz - Lpum) “(logyg[d] — logyg[d1])
(logyg[da] — logyg[di])

(LPL,dZ - LPL,dl) -(loglo [d] — logy [d1])
(logqg[d2] —logyg[d1])

The thrust values, represented as P; and Py;, encompass the lower and upper bounds
as defined by the NPD curves, while d; and d, encapsulate the bounded values of the slant
range distance from the NPD curves.

As a result, Equation (3) emerges as the bedrock for our baseline noise metrics, synthe-
sizing thrust values and distances in harmony with the NPD curves. This standardized
approach underpins the accuracy and consistency of our noise metric computations:

1)

Lpu,d = LPU,dl

(2)

LPL,d = LPL,dl +

(Lpyda—Lp,a)-(P—Pr)
(Py—Pr)

Lpg=Lp a+ 3)

2.1.4. Experimental Design

We systematically gather flight information data and noise data from the Purdue
University Airport (KLAF). This essential data collection process is integral to the com-
prehensive analysis of our noise monitoring technology. The Purdue University Airport
(KLAF) hosts a diverse array of aircraft, encompassing 85 unique units. This aircraft
roster includes 3 helicopters, 2 jet aircraft, 73 single-engine aircraft, and 7 multi-engine air-
craft [45,46]. This extensive and varied fleet is an intrinsic component of our data collection,
enabling a comprehensive evaluation of our noise monitoring technology.

The richness and diversity of aircraft types at KLAF provide us with valuable insights
into the adaptability and robustness of our technology across different aircraft categories,
thus contributing to a more encompassing understanding of its utility in real-world avia-
tion scenarios.

As presented in Table 1, the collection of ADS-B messages was meticulously executed
using a cost-effective ADS-B receiver and a data-logging device, expertly configured follow-
ing Mott’s specifications [36]. To decode these messages, we employed open-source soft-
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ware, specifically the dump1090, installed on a Raspberry Pi 3 computer (see Figure 3 [47].
The software-defined radio (SDR) functioned as the receiver, capturing and relaying ADS-B
records to the system. This cost-effective USB dongle, coupled with the Raspberry Pi,
transformed into a microcomputer-based radio scanner, thereby enabling the reception of
real-time radio messages.

Table 1. Details of data used in this study.

Name Source (s)
Primary Data
ADS-B ADS-B Receiver with 1090 MHz Antenna
Perceived aircraft noise Gain Express Sound Meter
Event(s) Manually recorded by the research team
Secondary Data
Aircraft/engine type Aircraft Registration Database [42]
Aircraft/engine model Aircraft Registration Database [42]
Aircraft noise metric NPD Curve [44]
Airport configuration parameters Aeronautical Information Services [46]

(@) (b)

Figure 3. Details of deployed (a) ADS-B receiver and (b) acoustic sound meter.

Notably, this entire setup, with a total investment cost of approximately USD 170,
was strategically installed in Room 225 of the terminal building at KLAF. This setup was
the backbone for our data collection efforts, offering a robust and affordable solution for
acquiring ADS-B messages essential for our noise modeling.

Our noise model’s validation stage involved deploying a Gain Express® acoustic
sound meter, specially positioned at KLAF, to capture the ambient aircraft noise (see
Figure 3). The used SLM-25 Sound Level Meter (IEC651 Type 2, ANSI SL.4 Type 2) has
an accuracy of +1.5 dB (reference sound pressure standard, 94 dB@1 KHz) (Source from
Hong Kong, China) [48]. In addition, a calibrator was used for the daily examination and
calibration of the acoustic sound meter (See Figure 4). The used DN9B Digital Sound Level
Meter Calibrator 94 dB and 114 dB for the used acoustic sound meter has an accuracy of
£0.3 dB (20 °C, 760 mm Hg) and a standard of IEC60942 (IEC942) Class 1 (Sourced from
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Hong Kong, China) [49]. In addition, the calibrator was also calibrated before it was used
to calibrate the sound meter.

N7y
R

Figure 4. Details of calibrator used for the acoustic sound meter. This meticulous calibration
process, combined with the consistent data collection from the sound meter, formed the bedrock of
our validation efforts, affirming the reliability of our noise model. The strategic placement of the
equipment and the daily calibration procedures guaranteed that our noise data was of the highest
quality, contributing to the robustness of our overall analysis.

In our study, the selection of three distinct locations (see Figure 5) was based on
the real-time configuration of Purdue University Airport (KLAF) during the noise data
collection period (as delineated in Table 2). Airport configuration varied based on the day
of operation. Our ADS-B data collected aircraft departures from Runway 28; however,
we did not have the “ground truth” data for this study. Locations A, B, and C are the
locations where the research team parked their vehicle and collected aircraft noise in person.
Unfortunately, at the end of Runway 28, placing our acoustic sound meter is impractical
because of the significant ambient noise from a construction site in the southeast direction
(~150 ft) of Runway 28. Each of these locations was strategically chosen to capture the
nuances and variations in aircraft noise emissions, contingent on the specific runway used
for departures:

1.  Location A was used only when the aircraft departed from Runway 23;
2. Location B was used only when the aircraft departed from Runway 05;
3. Location C was used only when the aircraft departed from Runway 10.

Regarding the specific duration of noise measurement, the research team intended
to choose an approximately two-hour duration of the day in Table 3, where most aircraft
operations would be expected at KLAF, based on weather. For example, the research team
measured the noise events at Location A from 14:19 EST (U.S. Eastern Time) to 16:26 EST
on 22 July 2021. On 4 August 2021, we measured the noise events at Location B from 10:41
EST to 12:50 EST. In addition, the terrain altitudes of three locations were recorded to assess
the slant range distance between the noise receptor and the aircraft in the developed noise
estimation model.
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Figure 5. Field deployment at the Purdue University Airport (KLAF) [46].

Table 2. Details of noise data acquisition at the Purdue University Airport (KLAF).

Location Coordinates Days Date

22-24 June 2021
14-15, 21-22, 27, 30 July 2021

A (Runway 05) * _42'6482325”6 25 11, 23-27, 30 August 2021
’ 9, 13-14, 17 September 2021
14,19, 21, 27 October 2021
29 June 2021
1-2,6-7,9,19-21, 26 July 2021
B (Airport Parking) 40.415909, 20 2 August 2021
—86.925934 1-3, 16, 29 September 2021
1, 26 October 2021
. 40.410667, 3 August 2021
€ (Localizer) —86.923441 2 30 September 2021

* The determination of locations is based on the actual configuration of KLAF.

Table 3. An example of field notes recorded by researchers at Location A on 15 July 2021.

Time (EST) Events

Operations Duration (Second) Other
10:27 a.m. 1 (TAG) 17 N/A
10:28 a.m. 2 18 Road Traffic
10:29 a.m. N/A N/A Road Traffic
10:30 a.m. 3 (TAG) 18 N/A
10:35 a.m. 4 17 N/A
10:38 a.m. 5 20 N/A

10:39 a.m. 6 21 N/A
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Selecting these distinct locations by runway-specific departures ensured that our
data collection was sensitive to the dynamic operational conditions at KLAF. This spatial
differentiation allowed us to capture the unique noise profiles associated with departures
from each runway, enriching our study with a comprehensive understanding of aircraft
noise dynamics within the airport’s operational context.

2.1.5. Noise Data Recording and Processing

In this study, our noise sound meter meticulously recorded A-weighted noise levels
per second based on Equivalent Continuous Sound Level (LAeq). Each aircraft noise event
was further segmented into several mini-events, each spanning a one-second duration to
facilitate a meaningful comparison between modeled and measured acoustic noise levels.

The calculation of standardized noise levels, based on the parameters derived from
Stage 1 and Stage 2, relied on the Sound Exposure Level (SEL) metric sourced from the
EUROCONTROL NPD curves. This metric forms the foundation for our comprehensive
analysis of noise data.

The International Organization for Standardization (ISO) established ISO 20906, which
provides guidelines for unattended monitoring of aircraft sound near airports [50]. In
background noise filtering, ISO 20906 recommends maintaining a 15 dB gap between
the Maximum Expected Sound Exposure Level (MESPL) of aircraft noise events and the
Average Residual Sound Pressure Level (ARSPL) for noise monitoring and measurement.

Based on the NPD curves from the EUROCONTROL ANP database, the MESPL for
GA aircraft, such as the Cessna 172, is established at 84.9 dBA (considering a power setting
of 100% maximum static thrust and a slant range distance of 200 ft). Additionally, it is
essential to recognize that a minimum Yearly Day-Night Average Sound Level (Ldn) of
65 dB is a crucial threshold used by federal agencies like the FAA to assess compatible land
use and planning [50,51]. Therefore, this study applied a 60 dBA threshold as the average
residual sound level for filtering background noise from the measured data.

In addition to background filtering, we meticulously recorded various events, in-
cluding aircraft operations and road traffic, during the physical noise collection stage
(see Table 3). This manual recording process furnishes us with invaluable data, aiding in
assessing the accuracy and validity of our developed noise monitoring approach.

By scrutinizing the aircraft noise data and cross referencing it with the corresponding
operations logs, we derived the duration of each aircraft noise event. This determination
was achieved by applying a rigorous filtration process that effectively removed background
noise, specifically adhering to the established noise threshold of 60 dBA.

The results revealed that, on average, aircraft noise events from the sampled data at the
Purdue University Airport (KLAF) have a duration of approximately 16.8 s. Consequently,
based on this empirical evidence, we considered a comprehensive general aviation (GA)
aircraft noise event to be approximately 17 s long.

Our analytical approach focused on standardized modeled aircraft noise levels exceed-
ing the 60 dBA threshold. These elevated noise levels were rigorously compared with the
acoustic noise data measured on site. Noise levels below this threshold were classified as
background noise and were not included in the comparative analysis.

This rigorous analysis and filtering process allowed us to discern and evaluate the
precise characteristics of aircraft noise events, ensuring that our assessment was based on
comprehensive and representative data.

3. Results

The cumulative noise impacts at selected locations were synthesized by integrating
historical single noise levels for each aircraft traversing these points. As an illustrative
example, our approach, based on analyzing ADS-B messages, enabled us to identify and
track aircraft that passed through Location A at the Purdue University Airport (KLAF)
between 10:27:09 and 10:39:20 EST. A6D944 and A891b7 are identified as two different
models of piston-engine aircraft [42].
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In Figure 6, we present the corresponding graphs illustrating the single-aircraft his-
torical Sound Exposure Levels (SEL) for aircraft with identification codes A6D944 and
AB891B7 as they flew through Location A. These graphs visually represent the SEL profiles,
contributing to our comprehensive analysis.

Historical SEL of aircraft A6D944 at Location A Historical SEL of aircraft A891B7 at Location A

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

e | PD Noise (dBA) === Threshold of background noise (dBA) e N PD Noise {dBA) = Threhold of backrgound noise (dBA)

(a) (b)

Figure 6. Standardized noise level of aircraft flown by Location A during 10:24:00-10:40:28:
(a) A6D944 and (b) A891B7.

The culmination of these single-aircraft SEL data points is depicted in Figure 6, where
the synthesized historical standardized Sound Exposure Levels (SEL) are systematically pre-
sented. This synthesis facilitates a holistic understanding of the cumulative noise impacts
at the selected locations, providing detailed insight into the overall acoustic environment at
these specific points.

Figure 7 presents six noise events that were successfully identified during the 10:24:00
to 10:40:28 EST 15 July 2021, at Location A. Six framed curves represent the segmented
comparison between measured noise levels and estimated noise levels. Table 4 compares
the measured and modeled noise during the peak time. We can identify that the red
curve (estimated noise levels) is flatter than the blue curve (measured actual noise level),
which indicates the measured actual aircraft noise attenuation is more significant than our
estimation. This might be explained by the lack of various attenuation adjustments in our
prototype design [13]. The mean of raw average error is 4.5 dBA, ranging from 0.0 dBA to
6.1 dBA, while the average of the absolute error is 5.2 dBA with a range of 2.5 to 6.7 dBA.

Table 4. Comparison between the measured noise levels and the modeled noise levels during a total
of 17 s duration at Location A.

. Error (dBA)
Aircraft ID Peak Time Operation
Raw Mean Absolute Mean
A6D944 10:27:09 TAG 6.1 6.2
A891B7 10:28:56 Takeoff 0.0 2.5
A6D944 10:30:47 TAG 5.9 6.1
A6D944 10:35:38 TAG 5.2 5.2
A891B7 10:37:56 TAG 4.0 4.3

A6D944 10:39:20 TAG 59 6.7
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Figure 7. Comparison of the modeled noise levels and the measured noise during 10:24:00-10:40:28
EST 15 July 2021, at Location A (KLAF).

While comparing the modeled and physical noise levels at Location A, the authors
noticed that the standardized noise curves were flatter than those of physical noise levels.
The noise event, therefore, is divided into three stages with equal durations:

1. Start stage: it contains the first five-second duration of the event;

2. Peak stage: it presents the time (fthree seconds) when the slant range distance (SLR)
between the noise receptor and the aircraft is minimal;

3. End stage: it contains the last five-second duration of the event.

The comparison between the measured and modeled noise during the peak stage
is presented in Table 5. The mean of the raw error is 2.7 dBA, ranging from —1.14 to
4.7 dBA, while the mean of the absolute error is 3.8 dBA with a range of 1.9 to 4.8 dBA. The
error during the peak stage indicated that the developed approach could correctly identify
aircraft noise events with an average error of 5 dBA.

Table 5. Comparison between the measured noise levels and the modeled noise levels during the
peak time at Location A.

Error (dBA)
Aircraft ID Peak Time Operation
Raw Mean Absolute Mean
A6D944 10:27:09 TAG 47 4.8
A891B7 10:28:56 Takeoff -1.1 1.9
A6D944 10:30:47 TAG 3.9 4.0
A6D944 10:35:38 TAG 3.6 3.7
A891B7 10:37:56 TAG 3.0 3.6
A6D944 10:39:20 TAG 2.6 45

The overall error in the start stage is significantly higher than those in the peak stage.
The raw average error ranges from 2.7 to 13.6 dBA, while the mean of average absolute
error is 8.1 dBA with a range of 4.4 to 13.6 dBA (Table 6). The research team found that
the terrain altitude at Location A is lower than that of Runway 05 at KLAF. The actual
noise propagation is significantly affected when the aircraft is taxiing and taking off from
the northeastern to the southwestern direction of Runway 05. Therefore, a reasonable
explanation is that the noise estimation model does not apply an adjustment for the line-of-
sight blockage effect [12].
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Table 6. Comparison between the measured noise levels and the modeled noise levels during the
start stage (first five seconds) at Location A.

Error (dBA)
Aircraft ID Peak Time Operation
Raw Mean Absolute Mean
A6D944 10:27:09 TAG 6.6 6.6
A891B7 10:28:56 Takeoff 2.7 44
A6D944 10:30:47 TAG 10.2 10.2
A6D944 10:35:38 TAG 8.1 8.1
A891B7 10:37:56 TAG 5.9 59
A6D944 10:39:20 TAG 13.6 13.6

Table 7 presents the comparison results in the end stage at Location A. The mean
of the raw error is 3.6 dBA, which is between the start stage (7.8 dBA) and peak stage
(2.8 dBA). Although the effect of engine installation for a propeller-driven aircraft is zero, we
should not ignore the overall lateral attenuation effect [12]. Therefore, a lateral attenuation
adjustment for sound propagation should be included in future studies.

Table 7. Comparison between the measured noise levels and the modeled noise levels during the last
five seconds at Location A.

Error (ABA)
Aircraft ID Peak Time Operation
Raw Mean Absolute Mean
A6D944 10:27:09 TAG 7.8 7.8
A891B7 10:28:56 Takeoff —-1.1 1.6
A6D944 10:30:47 TAG 43 5.0
A6D944 10:35:38 TAG 4.6 4.6
A891B7 10:37:56 TAG 3.3 35
A6D944 10:39:20 TAG 2.6 2.6

Similarly, the comparisons between the sampled noise predictions and measured
noise level at Locations B and C are presented in Tables 8 and 9. Similar to Location A,
the pre-defined three-stage noise errors at Location B and C are computed, respectively.
The mean of absolute errors at Locations B and C is 4.3 dBA and 4.6 dBA, respectively.
Regarding the segmentation analysis at different locations, the greatest mean of absolute
errors (6.2 dBA) at Location B is identified during the peak stage, while the third stage (the
last five seconds) has the greatest mean of absolute errors of 5.3 dBA at Location C.

Table 8. Comparison between the measured noise levels and the modeled noise levels at Location B
on 4 August 2021.

Error (dBA)

Aircraft ID Peak Time Aircraft Type
Raw Mean Absolute Mean
1.0 19
AB8956E 12:20:26 Cessna 172 S —4.1 4.1
2.0 2.0
AD1825 12:23:17 Cessna 152 ¢ N/A N/A
ABCA67 12:34:55 CIRRUS SR 221 N/A N/A

ABBEFA 12:35:58 Piper Cherokee 1 N/A N/A
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Table 8. Cont.
. Error (dBA)
Aircraft ID Peak Time Aircraft Type
Raw Mean Absolute Mean
N/A?Z2 12:38:14 N/A N/A N/A
—-1.8 1.8
A8CD91 12:42:55 Cessna 172 S —8.5 8.5
-1.6 1.6

1 Such aircraft noise-to-power-to-distance data are unavailable in the EUROCONTROL ANP database. ? This
noise event was an aircraft operation. However, no related ADS-B data were logged.

Table 9. Comparison between the measured noise levels and the modeled noise levels at Location C
on 3 August 2021.

. Error (dBA)
Aircraft ID Peak Time Aircraft Type
Raw Mean Absolute Mean
7.9 7.9
ABB78C 12:11:22 Piper Warrior 54 5.4
4.3 43
ABBO1E 12:19:49 Piper Cherokee 1 N/A N/A
0.8 2.9
ACBE62 12:25:17 Cessna 172 S 1.5 4.3
9.6 9.6
=31 3.1
A8C70F 12:26:54 Cessna 172 S —2.0 2.1
—0.1 1.9
ABBEFA 12:28:42 Piper Cherokee 1 N/A N/A

! Such aircraft noise-to-power-to-distance data are unavailable in the EUROCONTROL ANP database.

Remarkably, the EUROCONTROL ANP database does not contain all types of air-
craft/engine noise data, which led to several aircraft operations that could not be modeled
in this case. For example, the NPD dataset did not identify Cessna 152, CIRRUS SR 20, and
Piper Cherokee [44].

4. Discussion

Our study builds upon the existing body of research that has explored the estimation
of airport operations using ADS-B messages. To enhance the precision and optimization of
aircraft trajectory approximation, we identify several avenues for potential future research
and improvement.

4.1. Model Accuracy

According to 14 CFR (Code of Federal Regulations) Part 150 Airport Noise Compatibil-
ity Planning Appendix A, it specifies the Noise Exposure Map Development must contain
and identify three noise contours resulting from aircraft operations, with an interval of 5 dB
(65,70, 75). In addition, the different land use compatibilities are classified by 5 dB [52,53].
This study aims to offer airport managers/operators, local and federal agencies, and other
stakeholders a better understanding of the noise impact and facilitate the development
of land use compatibility near non-towered airports. A more recent study by Giladi and
Menachi [54] used AEDT at Heathrow Airport to conduct a case study. It yielded a variation
of less than 2 dBA for landings and a variation reaching 10 dBA for takeoffs, respectively.
Given that our developed model does not incorporate several adjustments per AEDT [12]
but yields an average error of less than 5 dBA, it is expected to be a promising tool for noise
prediction at non-towered airports with adjustment applications.
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4.2. Optimizing Aircraft Configuration and Performance Approximation

One of the limitations of our developed noise modeling approach pertains to the
estimation of engine thrust (power setting). Our study assumed a median value based on
the bounded values derived from aircraft operation modes using EUROCONTROL NPD
curves. Also, the aircraft configuration and performances are different during touch and go
compared to departure and arrival operations. A prospective area for improvement lies in
leveraging artificial intelligence techniques, particularly Convolutional Neural Networks
(CNN:s), to accurately determine aircraft operation modes and their corresponding thrust
values. Deep learning techniques could come into play when data collection expands
to include multiple airports, and Garmin G1000® flight performance records are used as
“ground truth” information.

4.3. Human Perception of Aircraft Noise

Our study primarily evaluates the accuracy of our low-cost noise monitoring approach.
We recommend implementing a pilot study to delve into the human perceptions of aircraft
noise, gaining insights into how it impacts residents physically and psychologically. By
examining the consistency between these psychological and physical studies, we can offer
a more holistic understanding of the consequences of aircraft noise on communities.

4.4. Facilitating Decision Making with Contour Maps

In noise management and planning, we suggest the creation of contour maps that
incorporate the FAA’s Day-Night Average Sound Levels (DNLs). These maps can be
invaluable tools for airports and aviation stakeholders, aiding decision-making processes
related to noise abatement procedures and land use compatibility planning.

In summary, our study lays the groundwork for various avenues of future research
to refine and expand the capabilities of low-cost noise monitoring and aircraft trajectory
approximation. These advancements are critical as we continue to address the complex
and multifaceted challenges of aircraft noise control and mitigation.

5. Conclusions

This study validated a novel, low-cost noise monitoring technology solution for
airports lacking reliable air traffic data. Our investigation has unveiled an innovative
three-stage framework, building upon the work of Yang & Mott [40], which demonstrates
promising capabilities in addressing the pressing need for accessible and affordable noise
monitoring tools. Central to our approach was utilizing an affordable Automatic Depen-
dent Surveillance-broadcast (ADS-B) receiver with a 1090 MHz antenna deployed at the
Purdue University Airport ICAO Code: KLAF). This receiver effectively harnessed our
developed framework to estimate aircraft operations and model aircraft noise levels, of-
fering a cost-effective avenue for noise data acquisition. The modeled aircraft noise levels
were compared with these empirical acoustic measurements. This analysis demonstrated
the framework’s ability to identify aircraft noise events with an average error of 4.5 dBA.
Our study underscores the potential of the developed framework as an affordable and
accessible solution for noise modeling, particularly beneficial for non-towered general avia-
tion (GA) airports. This paves the way for equitable access to essential noise monitoring
capabilities in diverse airport settings. While our findings are promising, we acknowledge
the variations and limitations encountered during our investigation. These considerations
provide fertile ground for future studies and enhancements in noise monitoring. As the
aviation industry continues to evolve, our work offers a valuable contribution towards
sustainable and harmonious airport-community coexistence, and we anticipate a fruitful
path of development in aircraft noise monitoring and assessment technology.
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Abbreviations

List of abbreviations and terminologies.

Name Explanation Name Explanation

ACRP Airport Cooperative Research Program IAS Indicated Airspeed

ADS-B Automatic Dependent Surveillance-Broadcast ICAO International Civil Aviation Organization
AEDT Aviation Environmental Design Tool ISO International Organization for Standardization
AEM Area Equivalent Method KHUF Terre Haute Regional Airport, USA

AGL Above Ground Level KLAF Purdue University Airport, USA

AIP Airport Improvement Program KTYQ Indianapolis Executive Airport, USA
ANP Aircraft Noise and Performance Database MSL Mean Sea Level

CAS Calibrated Airspeed NPD Noise-to-Power-to-Distance curve

CPA Closest Point of Approach ROC Rate of Climb

dBA Decibel in A-weighted ROD Rate of Descent

DNL Day-Night Average Sound Level RPM Revolutions Per Minute

DOT Department of Transportation (USA) SAE Society of Automotive Engineer

FAA Federal Aviation Administration (USA) SLR Slant Range Distance

GA General Aviation TAS True Airspeed

GPS Global Positioning System TAG Touch and Go
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