Project 040 Quantifying Uncertainties in Predicting
Aircraft Noise in Real-world Scenarios
The Pennsylvania State University
Purdue University
Project Lead Investigator

Victor W. Sparrow
Director and United Technologies Corporation Professor of Acoustics
Graduate Program in Acoustics
The Pennsylvania State University
201 Applied Science Bldg.
University Park, PA 16802
+1 (814) 865-6364
vws1@psu.edu

University Participants

The Pennsylvania State University (Penn State)
•
PI: Victor W. Sparrow, United Technologies Corporation Professor of Acoustics
•
Co-PI: Philip J. Morris, Boeing/A.D. Welliver Professor of Aerospace Engineering
•
FAA Award Number: 13-C-AJFE-PSU, Amendment 49
•
Period of Performance: May 31, 2019 through April 30, 2021.
•
Tasks:
1. Assess uncertainty in aircraft noise events, examining the background noise levels and noise levels from enroute aircraft (BANOERAC) and similar datasets.
2. Assess uncertainty in realistic noise source models in the (Aircraft Noise Prediction Program) ANOPP.

Purdue
•
•
•
•

University
PI: Kai Ming Li, Professor of Mechanical Engineering
FAA Award Number: 13-C-AJFE-PU, Amendment 31
Period of Performance: May 31, 2019 through December 31, 2020.
Task:
3. Validate the noise model capabilities of the Aviation Environmental Design Tool (AEDT) by comparing
numerical results with field data and quantify uncertainties of both model prediction and measurement in
trying to predict aircraft noise (or pattern of change) in the real world.

Project Funding Level

FAA funding to Penn State in 2019–2020 is $170,000. FAA funding to Purdue in 2019–2020 is $85,000.
Airbus has committed in-kind cost share for both Penn State and Purdue regarding the SILENCE-R data set, and this in-kind
cost share is currently in-process, awaiting a non-disclosure agreement. The point of contact for this cost sharing is Pierre
Lempereur, pierre.lempereur@airbus.com.

Investigation Team

The Pennsylvania State University
Victor W. Sparrow (PI)
Philip J. Morris (Co-PI)
Graduate Research Assistant Harshal P. Patankar

Purdue University
Kai Ming Li (PI)
Graduate Research Assistant Yiming Wang
Graduate Research Assistant Jianxiong Feng

Special Acknowledgments
European Union Aviation Safety Agency
Illimar Bilas, Section Manager
Willem Franken

Anotec Engineering, S.L.
Nico van Oosten

The BANOERAC data has been provided to Penn State and Purdue by the European Union Aviation Safety Agency (EASA) via
a special licensing agreement, with the assistance of Anotec Engineering, S.L. This in-kind data contribution is greatly
appreciated.

Project Overview

The ASCENT R&D portfolio is designed to assist the FAA in meeting the overarching environmental performance goal for the
Next Generation Air Transportation System (NextGen) in order to attain environmental protection that allows sustained
aviation growth. This project is part of the aviation modeling and analysis work in the ASCENT R&D portfolio that has the
goal of improving the accuracy of the FAA’s environmental modeling tools. Specifically, this project is providing data and
methods to improve the aircraft weight and takeoff thrust modeling capabilities within the FAA Aviation Environmental
Design Tool (AEDT). Atmospheric conditions and ground properties have significant impacts on accurate predictions of
aircraft noise. It is well known that the accuracy of these inputs is critical for the predictions. The research performed by
Penn State and Purdue through FAA ASCENT Center research grants has informed FAA regarding the limitations of existing
noise tools and helped advance the state-of-the-art in aircraft noise modeling. Appropriate models were enhanced and
developed to account for the effects of meteorological conditions, atmospheric absorption, and the Doppler effect due to
source motions on the propagation of aircraft noise. The purpose of this project is to understand and quantify uncertainty
in the prediction of noise propagation of aircraft.
ASCENT Project 40 is developing numerical methods that could later be used in FAA tools for predicting aircraft noise. The
current research addresses an improved approach to extend the uncertainty quantification methods of Wilson et al. (2014)
and other algorithms. Realistic aircraft trajectories and meteorology in the atmosphere are being used to predict aircraft
flyover noise levels. The results will be compared with field data already acquired in Discover-AQ Acoustics, the Vancouver
Airport Authority, BANOERAC, and SILENCE(R) databases. In addition, the uncertainties on geometric locations of source and
receivers, the effective surface impedance and the ground topography, and the source motion have been incorporated in
this year of effort.
If successful, the outcomes of ASCENT Project 40 will lead to the development of improved methodologies that could be
later used to improve the FAA tools for predicting aircraft noise in the presence of real-world weather. By having faster
predictions and predictions verified with field data, the project will help to improve confidence when making decisions
regarding aircraft noise. Examples of these decision include choosing the sites for new runways and implementing new
landing approach and takeoff patterns over populated areas. The project team has identified the key drivers for quantifying
uncertainties in predicting aircraft noise. To assess these uncertainties, an integrated approach will be used to understand
uncertainties in (a) the aircraft state and resulting noise levels and directivity (source), (b) the atmospheric and meteorological
conditions (propagation), and (c) the ground impedance and terrain model (receiver). This integrated approach will include
all predominant uncertainties between the source and receiver. One of the main motivations of the current project is to guide
these recent advancements for reaching a sufficient Research Readiness Level (RRL) that leads to a possible implementation
in AEDT in the future.
This research will enhance the accuracy of AEDT through improved aircraft noise propagation modeling. This improvement
is needed to support the evaluation and development of aircraft flight routes and procedures that could reduce community
noise. These improvements will also facilitate the implementation of NextGen through improved characterization of the
efficiency benefits it would deliver. If this research is not performed, then the accuracy of the noise prediction tool may not
be representative of real-world operations affecting studies used by airport authorities.

In 2020, the Project 40 team continued the collaborative initiative with National Aviation University of Ukraine and close
cooperation with the Georgia Tech team working on ASCENT Project 43.

Task 1 – Assess the Propagation Uncertainty in Aircraft Noise Events,
Examining the BANOERAC and Similar Data Sets
The Pennsylvania State University

Research Approach

Overview of the BANOERAC data
Background noise level and noise levels from en-route aircraft (BANOERAC) was a project initiated by EASA in 2009
(contracted to ANOTEC Consulting, S.L.) [1]. The project had two main goals, the first of which was to prepare maps for
Europe showing background noise levels. The calculation method relied on the population density to come up with
background noise levels (based on work done earlier by SINTEF). The measurements of the background noise and the enroute aircraft noise were conducted in Spain (see Figure 1). The first part of the BANOERAC study focused on correcting the
SINTEF model for the cases of extremely low population density areas by taking background noise measurements. (This
correction will not be the focus of the analysis presented here.) The second goal of the study involved the measurements of
en-route aircraft noise. These measurements were conducted from February 2009 to July 2009 (to cover both the winter and
the summer season). The data collection was spread across twenty days over the six-month period.

Figure 1. Map of Spain showing locations of measurement sites.
The measured data includes time histories of aircraft tracking data and noise measurement data (third-octave levels),
obtained from two microphones, with one microphone placed at 1.2 m height above the ground, and the second microphone
inverted and placed on a flat plate on the ground. The locations of the noise monitors can be seen in Figure 1 (shown by
upward pointing yellow triangles). Meteorological data from a ground meteorological station (time synchronized with the
noise monitors) and seven far-away sounding stations (seven Spanish airports shown by blue circles in Figure 1) are also
provided.
Choosing noise events for analysis
As described in the last year’s (2019) ASCENT annual report, the raw data from the BANOERAC dataset has been parsed and
visualized to identify aircraft noise events that might be useful for validating the existing noise modeling capabilities. After
carefully skimming through the events, the events that seemed to have the least amount of non-aircraft noise have been
chosen for further investigation. Out of those events, three events (a descent event, a cruise event, and a climb event)

involving Boeing 737-800 aircraft are analyzed and discussed in this report. To get an idea about the aircraft altitudes, slant
distances, and the maximum overall sound pressure levels (OASPL) involved in these events, a brief summary is shown in
Table 1.
Table 1. Brief Summary of the Noise Events Selected for Analysis
Event type
Aircraft altitude
(min. value to max. value)
Maximum OASPL (50 Hz to
5000 Hz) for the ground
microphone
Slant distance
(min. value to max. value)

Event ID 30609
Descent

Event ID 120301
Cruise

Event ID 30214
Climb

4.6 km to 5.9 km

11.2 km

6.4 km to 8 km

58 dB

54 dB

60 dB

4.6 km to 18 km

11 km to 21 km

7.2 km to 28.6 km

The data associated with the selected events
The data available for each of the three selected events are shown in Figures 2–5 (the descent event), Figures 6–9 (the cruise
event), and Figures 10–13 (the climb event), respectively. Since the figures corresponding to each event are laid out
identically, only Figures 2–5 (the descent event) are explained in detail in the following subsection.
Detailed explanation of the data visualization for the descent event
The event shown in Figures 2–5 involves a descending Boeing 737-800 aircraft. Figure 2 shows the aircraft track (with
timestamps) along with the location of the noise monitor (the yellow upward-pointing triangle). Figure 3 shows the time
history of the aircraft altitude (solid black line on the left-hand side Y-axis) as well as the slant distance (dashed blue line on
the right-hand side Y-axis). Figure 4 shows the time history of the aircraft ground speed (solid black line on the left-hand
side Y-axis) and the time history of the aircraft heading (dashed blue line on the right-hand side Y-axis). As can be seen from
Figure 4, the aircraft ground speed is dropping from 650 km/h to about 600 km/h during the event (a slow descent). The
heading angle time-history shown in Figure 4 can be corroborated with the aircraft track shown in Figure 2. The time-history
of third-octave sound press levels (SPLs) is shown in Figure 5 using a colormap (dark blue to yellow) along with the OASPL in
red color (right-hand side Y-axis). The upper part of Figure 5 shows the data from the microphone on the ground and the
lower part of the figure shows the data from the microphone placed at 1.2 m height above the ground. The aircraft is
approaching the noise monitor until about 65 seconds, as can be seen from Figure 2 (aircraft track), and this gets reflected
in the time-history of the slant distance (dashed blue line reaching its minimum value) in Figure 3. After that point in time,
the aircraft continues to go away from the noise monitor. The direct effect of this kind of a trajectory is evident in the noise
monitor data where the OASPL is seen to be increasing for the first part of the event and then it starts dropping off as the
aircraft flies away from the noise monitor.

The descent event (Event ID 30609):

Figure 2. Time history of the aircraft trajectory (descent event).

Figure 3. Time history of the aircraft altitude and the slant distance
between the aircraft and the noise monitor station (descent event).

Figure 5. Time history of third-octave SPLs
and OASPL for microphone on the ground
and microphone at 1.2 m height (descent
event).

Figure 4. Time history of the aircraft ground speed and heading angle
(descent event).

The cruise event (Event ID 120301):

Figure 6. Time history of the aircraft trajectory (cruise event).

Figure 7. Time history of the aircraft altitude and the slant distance
between the aircraft and the noise monitor (cruise event).

Figure 9. Time history of third-octave SPLs
and OASPL for microphone on the ground
and microphone at 1.2 m height (cruise
event).

Figure 8. Time history of the aircraft ground speed and heading angle
(cruise event).

The climb event (Event ID 30214):

Figure 10. Time history of the aircraft trajectory (climb event).

Figure 11. Time history of the aircraft altitude and the slant distance
between the aircraft and the noise monitor (climb event).

Figure 13. Time history of third-octave
SPLs and OASPL for microphone on the
ground and microphone at 1.2 m height
(climb event).

Figure 12. Time history of the aircraft ground speed and heading angle
(climb event).

Modeling the acoustic propagation
The Penn State team developed an in-house acoustic ray-tracing code that takes into account wind (vector), sound speed
profile, and ground reflections. The in-house code assumes a vertically stratified atmosphere (i.e., the temperature and the
wind profiles are specified as functions of the vertical coordinate). The code has been validated using a benchmark problem.
The atmospheric absorption is modeled using ISO 9613-1 and uses SAE-ARP-5534 to correctly calculate the losses when
dealing with the third-octave band data. To take into account the inhomogeneity in the humidity and the temperature profile
(since both affect the absorption), the atmospheric absorption is successively calculated every 10 m in distance from the
source to the receiver.
Limitations of the available meteorological data
The BANOERAC data provides two types of meteorological data. The first kind of data are from a ground meteorological
system. The data from the ground meteorological system (placed on a 1.8 m high mast at the noise measurement site)
consist of temperature, relative humidity, wind speed, wind direction, and atmospheric pressure. Although the data are
synchronized in time with the noise measurement data, the data only provide information at one physical location (i.e., not
along a vertical profile).
The second kind of data are from meteorological sounding stations (seven Spanish airports shown by blue circles in Figure
1). The data from the seven meteorological sounding stations do provide vertical profiles of the meteorological variable but
the data are available every 12 hours (and not in sync with the noise events). In addition, the sounding stations are far away
from the noise measurement sites. For the noise events under consideration, the closest meteorological sounding station
(Madrid airport) is about 66 km away from the noise monitor; hence, the sounding data might not be the best choice for use
in the acoustic propagation calculations.
Obtaining the meteorological conditions necessary to analyze the events
The Penn State team considered alternative sources (such as ERA5 [8], CFSv2 [9], and HRRR [10]) for obtaining meteorological
conditions relevant to the noise events under consideration. Because of the geographical location of the BANOERAC test sites
(the country of Spain in the European continent), the meteorological data source with the best possible resolution (both
spatial and temporal) seems to be the ERA5 reanalysis product. It is hosted by the European Centre for Medium-Range
Weather Forecasts (ECMWF). The horizontal grid of the ERA5 product has a 0.25° resolution in both latitude and longitude
(which corresponds to about 15 km–20 km for Spain). The temporal resolution of the product is one hour, and the vertical
grid consists of 37 pressure levels from 1000 hPa to 1 hPa.

Figure 14. Procedure to extract the relevant meteorological data from the ERA5 reanalysis product.
The ERA5 data can be downloaded for a specific timestamp but it needs to be downloaded for the whole Earth and then
sliced spatially to obtain the data close to the aircraft track. Figure 14 shows a flowchart summarizing the process followed
to obtain the meteorological data from the ERA5 reanalysis product. As an example, Figure 15 shows the aircraft track for
the descent event along with the four closest grid points from the horizontal grid of the ERA5 reanalysis product.

Figure 15. Time history of the aircraft track (for the descent event, Event ID 30609) and the selected ERA5 grid points
(shown using four different colors and markers) for obtaining meteorological data.

Figure 16. Meteorological data obtained from ERA5 for the four grid points surrounding the aircraft track shown in
Figure 15. The data are obtained for 12:00 local time (17 minutes before the noise event, Event ID 30609).

Figure 16 shows the meteorological data (temperature, specific humidity, two components of the horizontal wind) for the
four closest grid points that surround the aircraft track under consideration. It is important to note that because the ERA5
reanalysis product has a temporal resolution of one hour, the data obtained are for 12:00 local time (17 minutes before the
descent event). It can be observed in Figure 16 that the meteorological profiles from the four grid points (shown using the
four symbols and colors) do not differ from each other significantly. This is consistent with the expectation that
meteorological conditions will not vary drastically within the span of 15–20 km (this is the distance between the adjacent
grid points shown in Figure 15). Hence, the profiles from the grid point closest to the aircraft track (shown using a black ‘x’
marker in Figures 15 and 16) are utilized for the propagation calculations. Note that this grid point is about 8 km away from
the noise monitor.
Validating the meteorological data obtained from the ERA5 reanalysis product
As a sanity check, the selected meteorological data from the ERA5 reanalysis product is compared with the meteorological
sounding data from the Madrid airport (about 66 km away from the noise monitor) in Figure 17.

Figure 17. Comparison of the ERA5 reanalysis data (for the descent event, Event ID 30609) with the data from the Madrid
airport sounding data.
As can be seen from Figure 17, the temperature profile obtained from the ERA5 reanalysis product (black line with ‘x’
markers) is similar to the temperature profile obtained from the Madrid airport sounding data (red line with small dots)
except for the geopotential heights less than 2 km. There is a considerable difference between the specific humidity profiles
obtained using the two sources, especially for the geopotential heights less than 2 km. Even though the wind speed profiles

follow a similar trend, there is quite a bit of difference between the two profiles (ERA5 data and the Madrid airport sounding
data). These differences are expected since the sounding station is about 66 km away from the noise monitor, whereas the
ERA5 grid point is only about 8 km away from the noise monitor. It is important to note that profiles from both the sources
are obtained for 12:00 (local time), which is 17 minutes before the noise event. It is a mere coincidence that the noise event
time is close to one of two 12-hourly timestamps for which the meteorological sounding data from the Madrid airport is
available. In general, the 12-hour resolution of the sounding data is a severe limitation since not all the noise events will be
this close to the 12-hourly timestamp.
Next, the data obtained from the ERA5 reanalysis product is compared with the data from the Ground Meteorological System
(provided with the BANOERAC data). Before making the comparison, it is important to note that the vertical coordinate shown
in Figures 16 and 17 is the geopotential height (which is not the same as the altitude). The vertical coordinate has been
transformed correctly before making the comparison with the data from the Ground Meteorological System (placed directly
next to the noise monitor at a 1.8-m height). The Ground Meteorological System data consist of the temperature, the relative
humidity, and the wind speed at a single location. The instantaneous wind speed and direction close to the ground are
expected to be highly sensitive to the exact time and the exact location; hence, only the temperature and the relative humidity
values measured by the ground meteorological system are compared with the data obtained from the ERA5 reanalysis
product. The comparison between the two is shown in Table 2. The temperature from the ERA5 grid point is off by about 4
°C and the relative humidity is off by about 3%. This discrepancy is reasonable because the grid point for the ERA5 reanalysis
data is about 8 km away from the Ground Meteorological System and the reanalysis data is from 17 minutes before the
event.
Table 2. Comparing the Ground Meteorological Station Data with the Data from the ERA5 Reanalysis Product
Data from the Ground Meteorological System
(in sync with the noise event)
Temperature
Relative Humidity

16.1 °C
39.8%

Data from the closest ERA5 grid point
(8 km away from the noise monitor, 17
minutes before the event)
12.3 °C
36.08%

Aircraft source levels and directivity
Preliminary noise propagation predictions (shown in last year’s annual report) have shown the importance of using a realistic
noise source directivity when estimating the ground-based measurements. To provide such a noise source description, the
NASA Aircraft Noise Prediction Program 2 (ANOPP2) is being used. The details of obtaining the noise source description are
explained in a separate Task (Task 2) in this report. The noise directivity data obtained from ANOPP2 is visually represented
in Figure 19, which shows the source levels as a function of the azimuthal angle and the polar angle. The schematic in Figure
18 explains the way the polar angle and the azimuthal angle is defined. This information is used along with the in-house
ray-tracing code to predict the aircraft noise levels near the ground.

Figure 18. A schematic showing the polar and
the azimuthal angle used in describing the
aircraft directivity.

Figure 19. Aircraft directivity (for the descent event, Event ID 30609)
as a function of the azimuthal angle and the polar angle. Note that the
values shown are OASPLs calculated at 1 m away from the aircraft.

Initial results assuming a stationary source (for the descent event, Event ID 30609)
As a first pass, the in-house ray-tracing code (explained earlier in this report) is used to simulate the noise event assuming
a stationary source (only the location of the source is updated to get the time history of noise received on the ground). The
aircraft source level and directivity information appropriate for this event are used along with the meteorological data
obtained from the ERA5 reanalysis product. The results of the simulations are shown in Figure 20 along with the measured
OASPL data from the ground microphone (black line). The OASPL time history obtained using the 3D version of the code
(blue line with filled circles as markers) and 2D version of the code (cyan colored line with upward-pointing triangles) are
shown in Figure 20. The ray-tracing results seem to agree well with the measured data for the first part of the event but for
the later part of the event, the ray-tracing results are off by about 15 dB. The mismatch between the ray-tracing results and
the measured data could be because of not including the moving source effects. This is investigated in the following
subsection of this report.

Figure 20. Time histories of the 2D and the 3D ray-tracing results (stationary source) with the measured data from the
ground microphone (for the descent event, Event ID 30609).
The 2D version of the ray-tracing code only performs calculations in the vertical plane that includes the source and the
receiver (i.e., the component of wind perpendicular to this plane is ignored). The 2D version of the ray-tracing code does
take into account the wind profile, the temperature profile, and the humidity profile. The 3D version of the ray-tracing code
additionally takes into account the component of the wind perpendicular to the vertical plane that includes the source and
the receiver. As can be seen from Figure 20, the difference between the results obtained using the 3D ray-tracing and the
2D ray-tracing code is negligible (about 1.5 dB at maximum). Since the 3D ray-tracing is computationally expensive to run
and does not seem to have a significant impact, it is not used for analyzing the other two events (the cruise event and the
climb event).
Effect of a moving source
For a moving source, the effect of convection on the received sound pressure level depends on the Mach number (M) and
the emission angle (as shown in the schematic in Figure 21). This effect can be calculated using Equation (40.1) where n = 1
for a monopole or a dipole source and n = 2 for a quadrupole source [3]. In general, aircraft noise could be represented
using multipole expansion (i.e., as a combination of a monopole, a dipole, a quadrupole, and higher-order sources). For the
analysis shown in this report, the aircraft is assumed to be represented by a monopole source for the sake of calculating the
convective amplification (this is consistent with the ANOPP2 [4] model).

The Mach number needs to be calculated using the airspeed of the aircraft, but the available data are only for the
groundspeed; hence, the airspeed is calculated using the wind speed from the ERA5 reanalysis data. Figure 22 shows the

time history of emission angle (on the left-hand side Y-axis in black) and the corresponding convective amplification (shown
on the right-hand side Y-axis in red). The evolution of the emission angle shown in Figure 22 can be corroborated with the
aircraft trajectory shown in Figure 2. Until about 65 seconds, the aircraft is approaching the noise monitor which causes the
noise to be amplified, and thereafter the moving source results in the noise getting attenuated as the aircraft goes away
from the noise monitor.
The effect of a moving source on the frequency content of the noise can be described using the Doppler effect as shown in
Equation 40.2.

Figure 21. A schematic showing the emission angle and
its relation to the aircraft and the receiver location.

Figure 22. Time history of the emission angle and the
convective amplification (for the descent event, Event ID
30609).

Results including the effects of a moving source
The results obtained after including the effect of a moving source are shown in Figure 23 along with the results obtained
assuming a stationary source (blue line with filled circles). The orange line (with downward point triangles) shows the results
obtained after only applying the amplitude correction to account for a moving source. As expected, the OASPL is amplified
when the source (the aircraft) is approaching the observer (noise monitor). The blue line (stationary source) and the orange
line (amplitude correction) intersect at about the 80-seconds mark, implying that there is no contribution from the convective
amplification at that point of time. At a first glance, this might seem contradictory to what is observed in Figure 22 (i.e., the
convective amplification is zero at about 65 seconds). This apparent discrepancy is due to the fact that it takes a finite
amount of time for sound to reach the noise monitor (in this case about 15 seconds). The sound that starts off from the
aircraft at about 65 seconds (emission angle 90°, see Figure 22) reaches the observer at about 80 seconds (see the point of
intersection of the blue and the orange line in Figure 23). This explanation can be further corroborated with the data from
Figure 3, where the dashed blue line shows a slant distance of about 5 km at 65 seconds. The 15-second delay is because
of the time required for the sound from the aircraft to travel about 5 km to reach the observer.

Figure 23. Results obtained assuming a stationary source and with the moving source effects included (for the descent
event, Event ID 30609).
The effect of frequency correction (i.e., Doppler effect to account for a moving source) is shown with a green line (and upward
pointing triangles) in Figure 23. As the aircraft approaches the observer, the frequency spectrum gets shifted towards higher
frequencies, thereby increasing the atmospheric attenuation. This results in lower OASPL compared to the results obtained
assuming a stationary source (blue line with filled circles) for the first 80 seconds as seen in Figure 23. For the latter part of
the event, as the aircraft goes away from the observer, the apparent frequency spectrum gets shifted towards lower
frequencies, thereby amplifying the OASPL (compared to the stationary source case).
The overall effect of a moving source (including both the amplitude and the frequency correction) is shown using the red
line with asterisks in Figure 23. The trend in these results resembles the trend seen in the OASPL measured on the ground
(shown using the solid black line). Even though there is a qualitative agreement between the simulation results and the
measured data, quantitatively there is still an offset of about 5–8 dB (overprediction). All the results shown in the remaining
portion of this report include the moving source effects (i.e. both the frequency correction and amplitude correction).
Assessing the effect of inhomogeneity in the meteorological conditions on propagation calculations (for the descent
event, Event ID 30609)
One of the focus areas of project is to look at how meteorological conditions affect noise propagation; hence, a number of
numerical experiments are conducted to investigate the role of inhomogeneity of meteorological variables such as
temperature and relative humidity. Figure 24 shows the results of all the numerical experiments conducted for the descent

event. The results obtained using the inhomogenous meteorological conditions (temperature, specific humidity, and two
components of wind) from the ERA5 reanalysis product are shown using the red color and asterisk symbols. These include
the effect of wind on the acoustic propagation and represent the best possible prediction with the available data. Next, the
effect of assuming homogeneity in meteorological variables is discussed.
1.

Effect of wind on acoustic propagation: The results obtained without including the wind are shown in a cyan color
line with squares as the markers (these results do include the effects of inhomogeneity in temperature and humidity).
As can be seen from the difference between the red line (with the wind) and the cyan line (no wind), the effect of
including wind in the propagation calculations seems to be negligible when comparing the OASPL results for the
microphone on the ground.

Figure 24. Comparing the ray-tracing results obtained assuming various levels of inhomogeneity in meteorological
conditions (for the aircraft descent event, Event ID 30609).
2.

Effect of assuming a homogenous atmosphere: The aircraft noise modeling tools typically assume meteorological
conditions to be homogenous. The temperature and the relative humidity values that are used in predicting aircraft
noise are typically measured on the ground and assumed to be constant throughout the propagation path. The
results of a numerical experiment assuming homogenous meteorological conditions for the descent event are shown
in the blue color in Figure 24 (with filled circles as markers). The constant values of temperature and relative humidity
are taken from the measurements done on the ground during the noise events (as reported in the BANOERAC data).
In assuming complete homogeneity of the atmosphere, the wind is assumed to be absent. Compared to the red line
(which is the best possible prediction with all the inhomogeneity included), the results obtained using homogenous
conditions are off by as high as 10 dB (with respect to the prediction based on the inhomogeneous atmosphere).

3.

Effect of assuming a homogenous relative humidity profile: If the inhomogeneity in temperature profile is

considered while keeping the relative humidity profile homogenous, the results (green color line with downwardpointing triangles in Figure 24) do not differ significantly from the results obtained using a completely homogenous
atmosphere.
4.

Effect of assuming a homogenous temperature profile: If the inhomogeneity in relative humidity profile is taken
into account while keeping the temperature profile homogenous, the results (orange color line with upward-pointing
triangles in Figure 24) differ by as high as 15 dB from the results obtained using a completely homogenous
atmosphere. This implies that the inhomogeneity in the relative humidity profile seems to be a significant factor in
correctly predicting aircraft noise propagation. It is a mere coincidence that the results which include only the
inhomogeneity in humidity profile (orange line with upward-pointing triangles) are closer to the measured data (black
line) than the fully inhomogenous case (red line with asterisks). In general, ignoring the inhomogeneity in either
temperature or the humidity profile can result in large errors in predicting aircraft noise.

Assessing the effect of inhomogeneity in the meteorological conditions on propagation calculations (for the cruise
event, Event ID 120301):
The detailed analysis shown in the previous sections is repeated for the aircraft cruise event (shown in Figures 6–9) involving
Boeing 737-800 aircraft. The meteorological data are obtained from the ERA5 reanalysis product for the hour closest to the
event. The source level/directivity appropriate for this event is used (see Task 2) along with the ray-tracing results. The key
challenge faced in analyzing this event can be appreciated by looking at the results shown in Figure 25. The red line shows
the ray-tracing results which include the effect of inhomogeneities in the temperature, the humidity, and the wind. The first
available data point in the ray-tracing results is at about 37 seconds. This is due to the finite amount of time required by the
noise from the aircraft to travel about 12 km (see the dashed blue line showing the slant distance in Figure 7). It is important
to note that even though the noise monitor data and the aircraft tracking data are time-synchronized, the aircraft noise
emitted at an instance in time shows up on the noise monitor at a later time thereby not allowing any prediction for the
initial part of the event. To overcome this limitation, the aircraft track is extrapolated as shown in Figure 26. Extrapolating
the aircraft track is a reasonable assumption since the aircraft is in the cruise phase of the flight and seems to maintain the
heading angle throughout the event.

Figure 25. Comparing the ray-tracing results obtained assuming various levels of inhomogeneity in meteorological
conditions (cruise event, Event ID 120301).

Figure 26. Time history of the aircraft trajectory (cruise event, Event ID 120301) with the added extrapolated aircraft track
(compare with Figure 6).
The ray-tracing results obtained assuming the extrapolated aircraft track are shown in Figure 27. As observed in the previous
case (the descent event), the wind seems to have a negligible effect on the propagation calculations for OASPL received on

the ground microphone (the red line with asterisk markers versus the cyan line with square markers). The best possible
prediction (red line) which includes all the inhomogeneities in the meteorological profiles is still off by about 5-7 dB from
the measured data (black line). Consistent with the observations in Figure 24, assuming a homogenous atmosphere results
in errors in predictions as high as 9 dB (the blue line with filled circles as markers versus the red line with asterisks as
markers). Assuming the inhomogeneity in humidity profile alone seems to have a more significant impact on the predicted
levels than assuming the inhomogeneity in the temperature profile alone. Contrary to what is observed in the case of the
descent event (Figure 24), only assuming the inhomogeneity in the humidity profile has worsened the prediction (orange line
in Figure 27).

Figure 27. Comparing the ray-tracing results obtained assuming various levels of inhomogeneity in meteorological
conditions (for the cruise event, Event ID 120301).
Assessing the effect of inhomogeneity in the meteorological conditions on propagation calculations (for the climb
event, Event ID 30214)
The detailed analysis shown in the previous sections is repeated for the aircraft climb event (shown in Figures 10–13)
involving Boeing 737-800 aircraft. The meteorological data is obtained from the ERA5 reanalysis product (for the hour closest
to the event) and the appropriate source-level/directivity information (see Task 2) for this event is used to obtain the raytracing results shown in Figure 29. Similar to the cruise event, the aircraft track shown in Figure 10 is extrapolated (see
Figure 28). As seen before, assuming a homogenous atmosphere results in a prediction which is off by about 9 dB from the
prediction obtained assuming an inhomogeneous atmosphere. Assuming a homogenous atmosphere results in predictions
that agree well with the measured data for the latter part of the event (a coincidence), but not for the first part (until about
40 seconds in Figure 29). As seen before, the inhomogeneity in the humidity profile seems to have a significant effect on
the predicted levels.

Figure 28. Time history of the aircraft trajectory (the climb event, Event ID 30214) with the added extrapolated aircraft
track (compare with Figure 10).

Figure 29. Comparing the ray-tracing results obtained assuming various levels of inhomogeneity in meteorological
conditions (the climb event, Event ID 30214).

Conclusions based on the analysis of the three events (descent, cruise, climb)
1. Knowing the accurate aircraft source levels and directivity is important to achieve a quantitative agreement
between predictions and measurements (see Task 2).
2. Including the inhomogeneity in meteorological variables is shown to be an important factor in accurately
predicting the aircraft noise. Even with the meteorological data from a location 8 km away from the noise
monitor, a good qualitative (trends) agreement is achieved between the predictions and the measurements for
the microphone on the ground.
3. Inhomogeneity in the humidity profile seems to have a significant effect on propagation calculations (more
significant than the inhomogeneity in the temperature profile).
4. The effect of wind on the OASPL predictions seems to be negligible for the microphone on the ground.

Milestones

A descent event, a cruise event, and a climb event from the BANOERAC data involving a Boeing 737-800 aircraft have been
analyzed. To achieve this, appropriate meteorological data have been extracted using the ERA5 meteorological product. The
acoustic propagation has been modeled using an in-house ray-tracing code and an atmospheric absorption routine that can
handle inhomogeneities in the temperature, the humidity, and the wind profile. A number of numerical experiments have
been successfully conducted to assess the effect of meteorological inhomogeneities on acoustic propagation.

Major Accomplishments

For accurate aircraft noise predictions, the importance of including the inhomogeneity in the meteorological conditions has
been demonstrated with the help of real-world meteorological data and real-word aircraft noise data. The importance of
correctly modeling the noise source and directivity (see Task 2) along with the effects of high-speed source motion
(convective amplification, Doppler effect) have been demonstrated. A qualitative agreement has been achieved between the
predicted aircraft noise and measured aircraft noise.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

Graduate Research Assistant Harshal P. Patankar has been the primary person working on this Task.

Plans for Next Period
1.

2.

Penn State plans to analyze the noise events from the BANOERAC data to look at the differences between the ground
microphone and the microphone at 1.2 m height (measured data versus predictions). The predictions for the thirdoctave band levels have not been looked at carefully yet and could give more insight into the uncertainties in
propagation path.
Penn State had previously shown that the overall approach of Wilson et al. (2014) [5] is adaptable for the aircraft
noise prediction problem [6, 7]. This approach will be extended with the help of a 2D ray-tracing model to comment
on the uncertainty in predictions caused by the lack of/insufficient meteorological conditions.
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Task 2 – Assess Uncertainty in Realistic Noise Source Models in ANOPP
Pennsylvania State University

Objectives

Firstly, three events from the BANOERAC dataset were chosen for noise prediction with ANOPP. All events chosen were for
Boeing 737-800 aircraft. The event flightpaths correspond to a climb event, a cruise event, and a descent event. ANOPP input
decks were generated for each event and noise was predicted for the BANOERAC ground monitor location.
Secondly, source spheres of 1 m radius around the aircraft were developed. The acoustic predictions from ANOPP included
OASPL and 1/3 octave SPL for each event. These were necessary to employ ray-tracing techniques through a realistic
atmosphere.

Part 1: ANOPP Input Deck Creation
Research Approach

A sample input deck for a Boeing 737-800 aircraft was provided by Chris Perullo from the Georgia Institute of Technology.
The sample input deck had all geometry parameters for a Boeing 737-800, including a set of engine state tables for various
altitudes. The input decks were adapted to each BANOERAC case by developing flight path geometry modules for each event
and substituting them in the sample input deck. In addition, the engine state tables for the appropriate altitude were
substituted. Finally, the atmosphere module was modified from a standard atmosphere to the local atmosphere at the time
of the event by substituting the ERA5 atmospheric data in the input deck.
BANOERAC Event ID 30609 (Descent)
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Figure 30. Time history of the aircraft altitude (descent event). The aircraft travels 33.5 km horizontally over the event
duration.

Ground monitor noise prediction:

Figure 31. OASPL time histories for the ground microphone (descent event); ANOPP (orange), BANORAC (blue).
BANOERAC Event ID 120301 (Cruise)
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Figure 32. Time history of the aircraft altitude (cruise event). The aircraft travels 23.9 km horizontally over the event
duration.
Ground monitor noise prediction:

Figure 33. OASPL time histories for the ground microphone (cruise event); ANOPP (orange), BANORAC (blue).

BANOERAC Event ID 30214 (Climb)
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Figure 34. Time history of the aircraft altitude (climb event). The aircraft travels 34.0 km horizontally over the event
duration.
Ground monitor noise prediction:
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Figure 35. OASPL time histories for the ground microphone (climb event); ANOPP (orange), BANORAC (blue).
1/3 Octave band SPL:

Figure 36. 1/3 octave SPL comparison between ANOPP (orange) and BANOERAC (blue).
Figure 36 shows a comparison of the ANOPP predictions for 1/3-octave spectra at two observer times. The predicted levels
are confined to the lowest frequency bands as expected, since the propagation distance from the aircraft to the observer is
very large. The levels at the higher frequencies are likely due to ambient noise unrelated to the aircraft.

Part 2: Noise Source Spheres
Research Approach

For each event, a source sphere was generated at the flight event time when the aircraft was closest to the ground monitor.
These contours were generated with 58 observers. Both OASPL and 1/3 octave band SPL were extracted from the output.
The noise sources in ANOPP, including core and bypass jet noise, fan noise, and airframe noise were considered separately
to better understand the directivity and magnitudes of the summed source spheres.
Summed Source Sphere: BANOERAC Event ID 30609 (Descent)

Figure 37. OASPL source sphere from front (left) and rear (right) of aircraft. Arrows indicate direction of flight.
Component Source Spheres: BANOERAC Event ID 30214 (Climb)

Figure 38. Airframe noise OASPL sphere from front (left) and rear (right) of aircraft. Arrows indicate direction of flight.

Figure 39. Fan noise OASPL sphere from front (left) and rear (right) of aircraft. Arrows indicate direction of flight.

Figure 40. Core and bypass jet noise OASPL sphere from front (left) and rear (right) of aircraft. Arrows indicate direction of
flight.

Milestones

Not applicable.

Major Accomplishments

Extraction and analysis of the flightpaths was a prerequisite to developing geometry modules for ANOPP input decks. The
flightpath allowed for the generation of aircraft body Euler angles, ground speeds, and Mach number needed by ANOPP. The
climb and descent rates were used to tabulate slat and flap deflections over the duration of the events. These input decks
were used to give preliminary information about the propagation to the ground observer through a simple atmosphere with
no ray-tracing algorithms.
In addition, the information on the OASPL and 1/3-octave levels were provided to Task 1 of the project for propagation
calculations through a realistic atmosphere using two- and three-dimensional ray-tracing algorithms.

Publications
None

Outreach Efforts
None

Awards
None

Student Involvement

Stephen Willoughby also has strongly contributed to this Task, initially as an undergraduate student and as a graduate
research assistant during Fall 2020.

Plans for Next Period

Penn State will continue to provide noise source spheres for selected BANOERAC cases. In addition, contributions to the
source spheres from different aircraft noise sources will be evaluated to further assess their correctness and quality.

Task 3 – Validate the Noise Model Capabilities of AEDT by Comparing
Numerical Results with Field Data and Quantify Uncertainties of Both
Model Prediction and Measurement in Trying to Predict Aircraft Noise (or
pattern of change) in Real World
Purdue University

Objectives

1.
2.

Analyze DISCOVER-AQ dataset.
Quantify the influence of various effects such as the Doppler effect and the ground effect on the propagation of en-route
aircraft noise.

Background

In 2013, NASA conducted a series of flight tests in Houston, Texas for the Deriving Information on Surface Conditions from
Column and Vertically Resolved Observation to Air Quality (DISCOVER-AQ) campaign to support their research efforts for air
quality studies. As part of this campaign, the FAA and the Department of Transportation's Volpe National Transportation
Systems Center were involved with making acoustic measurements at various locations around the Houston metropolitan
areas. The precise locations of the test aircraft were collected during the period of the acoustic measurements. The highquality dataset also included meteorological data measured with a weather balloon and other monitoring equipment on the
aircraft. The details of acoustic measurements and information on the dataset were reported in Boeker et al. [11].
In the previous study, the Purdue team summarized the influence of the Doppler effect on the propagation of aircraft noise.
Additionally, the Purdue team identified two datasets with high signal-to-noise ratios after reviewing all the noise data
recorded in the overall DISCOVER-AQ dataset, containing spiral down data and level flight data. These two datasets were
used over the past year in the analysis of propagation effects.

Figure 41. (a) Aircraft path in the spiral down dataset. (b) Aircraft path in the level flight dataset.
The typical aircraft path in spiral down events and level flight events are illustrated in Figure 41a and 41b, respectively. The
spiral down dataset was recorded around Conroe, Texas when the aircraft was descending in a counterclockwise spiral
pattern. The level flight data was recorded near Trinity Bay in the Houston area when aircraft were flying in a nearly straight
path before entering a spiral up course.
Per a detailed consultation at the onset of the current project year, it was agreed that the Purdue team will continue to
analyze the noise data obtainable from the DISCOVER-AQ dataset. More details of the study will be discussed in the following
sections.

Research Approach

To analyze the propagation effects, the aircraft path is split into a number of sub-sections in the first step. The spiral down
loops and the level flight section are illustrated in Figure 42a and 42b, respectively. For spiral down events, the loops of the
flight path are separated into two to four sub-sections. Each of the spiral loops is labeled as Loop 1 to Loop 4 in Figure 42a.
A nearly straight section of 60 seconds is used for every event of the level flight data. The lengths of each sub-section in
both spiral down events and level flight events are sufficiently long so that the truncation errors have minimum influences
on the total measured sound exposure levels (SELs).

Figure 42. The geometry of (a) the spiral down loops and (b) the level flight section.

Figure 43. SEL measurement of (a) spiral down loops and (b) level flight versus NPD curve of P3C Orion at 20% power
setting.
The measurement results in both datasets are first adjusted to the standard condition according to SAE-AIR-1845 [12] and
compared with noise-power-distance (NPD) curve stored in the AEDT database for the P3C Orion aircraft. In both Figure 43a
and 43b, the rate of change of the SEL against distance has good agreement to that of NPD predictions at short ranges.
However, the disagreement becomes more apparent when the distance between the source and receiver is greater than 2000
m. The variance in the measured SEL is also larger when the distance between source and receiver is larger than 2000 m.
In our prior study, it was noted that the acoustic power emitted by the aircraft cannot be predicted accurately because of the
complexity of the aeroacoustics problem and the available information on the power setting, source directivity, etc. of the
test aircraft. It is necessary to use the method of subtraction in order to minimize any possible uncertainties caused by the
variation in the acoustic power of the test aircraft during the flight tests. In essence, the method of subtraction is based on
the subtraction of two simultaneously measured noise levels. By using this method, the dependency on the knowledge of
the source acoustic power can be minimized. In other words, the SEL is not predicted directly at any single receiver location
but the differences in SELs between two receiver locations are used instead. The method of subtraction is based on the
analysis described as follows. Suppose the SEL at the ith receiver is denoted by 𝑆𝐸𝐿(𝑖). It can be linked with attenuation due
to the propagation effect by
𝑆𝐸𝐿(𝑖) = 𝑆𝐸𝐿()*+,- − 𝐴𝑡𝑡1+)123245)6 (𝑖),
where, 𝐴𝑡𝑡1+)123245)6 (𝑖) is the attenuation at the ith receiver due to a sum of all of the propagation effects during the
transmission of noise from the test aircraft to the ith receiver. For the same flight path and same test aircraft, the difference
between the received SELs at two different receiver locations can be expressed as
Δ𝑆𝐸𝐿(𝑖, 𝑗) = 𝐴𝑡𝑡1+)123245)6 (𝑖) − 𝐴𝑡𝑡1+)123245)6 (𝑗),
where Δ𝑆𝐸𝐿(𝑖, 𝑗) is the difference of SEL levels between the ith and the jth receivers. It can be observed that Δ𝑆𝐸𝐿 represents
the pure propagation effect since the acoustic power of the source at the two receivers is assumed to be identical, which can
be canceled out in the subtraction of the respective SELs.
Two slightly different strategies are used for spiral down events and level flight events. For the spiral down events, the flight
path is divided into a number of different loops (usually four loops). Two receivers are available in the spiral down events.
For each loop, an overall SEL can be calculated based on the measurements at each of the two receiver locations. Then
subtraction is made between the two measured SELs to yield Δ𝑆𝐸𝐿 for a particular pair of receivers. In fact, four Δ𝑆𝐸𝐿 can be
calculated and used for propagation analysis in the present dataset at Trinity Bay, Texas. There is only one level flight path

in each flight event in Conroe, Texas. However, more receivers are usually available in this dataset series. Typically, there
are four receivers recording the noise levels of these fly-over events. Consequently, six Δ𝑆𝐸𝐿 events can be calculated if four
receivers are available (choose any two from a total of four receivers).
Using Δ𝑆𝐸𝐿 in favor of SEL, the measured results can be compared with various prediction models described in Y. Wang and
K.M. Li [13]. The prediction models have incorporated the divergence effect, air absorption factor, ground effect, and Doppler
effect in the analysis. To facilitate the presentation of the comparison results, the difference between the measured and
predicted Δ𝑆𝐸𝐿 is used where
𝐸𝑟𝑟𝑜𝑟=Δ𝑆𝐸𝐿𝑚𝑜𝑑𝑒𝑙−Δ𝑆𝐸𝐿𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡,
and error (or absolute error) is plotted against the altitude (height) of the test aircraft in Figures 44 to 46.
Spiral down data analysis
The error in the AEDT model and theoretical model is first compared in Figure 44 for the spiral down events. The error for
the calculated Δ𝑆𝐸𝐿 is plotted against the height of each loop. It can be observed that the theoretical model has smaller error
most of the time. The error of the AEDT model is good at lower heights but it is particularly worse in the height range
between 1000 m and 2500 m.
The influences of different absorption models are compared and presented in Figure 45. Blue crosses represent the model
that uses the atmospheric parameters (temperature, pressure, and relative humidity) at the mean aircraft height within a
layer. Red crosses represent the model that uses a layered absorption model, which evaluates absorption in each 250 m
layer separately. Figure 45 suggests that these two different models have less than 0.5 dB differences for all data points.
Hence, it may be concluded that the use of a layer absorption model does not improve the accuracy for the simple model in
which the mean aircraft height is used to represent the layer of 250 m thick.

Figure 44. Comparison of the AEDT model’s error and the theoretical model’s error. (a) Error. (b) Absolute error.

Figure 45. Comparison of the theoretical model’s error with two different absorption models.
The influence of the Doppler effect is removed in the next comparison. The results are shown in Figures 46a and 46b with
all other propagation effects (except the Doppler effect) kept in the model. Next, the influence of the ground effect is
removed. The results are displayed in Figure 46c and 46d, with all other effects kept in this set of comparisons. The errors
in these two groups of data have similar behaviors. The error in the theoretical model increases when either the Doppler
effect or the ground effect is removed, especially at lower heights; at a high elevation, the influences of both the Doppler
effect and the ground effect are negligible. The Doppler effect and the ground effect have the same impact on the
propagation of aircraft noise in a comparable way as the spiral down events.

Figure 46. Comparison of the complete theoretical model’s error and theoretical models without
the Doppler effect (a,b) and without the ground effect (c,d).
The average errors of several models discussed above are then calculated and collected in Table 3. It can be observed that
the AEDT has the largest error among all the models used in the present analysis. Removing the Doppler effect increases the
error of the theoretical model by 0.3 dB. Removing the ground effect increases the error by 0.26 dB. Removing both the
ground and Doppler effects increases the error by 0.66 dB. It should be noted that the Doppler effect changes the frequency
of the received noise, which as a result changes the ground effect since the ground effect is frequency-dependent. Table 3
summarizes the difference of error in ΔSEL for various models.

Table 3. Average Error for Different Models
Error of ΔSEL [dB]
Theoretical

3.02

AEDT

3.69

No Doppler

3.32

No ground

3.28

No Doppler and no ground

3.68

Level flight analysis
Data regarding level flight events are analyzed in the same approach. However, they can be represented in a different way
due to the wide range of available sideline distances in level flight events. Additionally, a simple propagation model of a
divergence effect is used as reference where the attenuation can be expressed as 20log (1/𝑑), where d (meters) is the distance
between source and receiver.
The error of AEDT is plotted in Figure 47a against d1 and d2. ΔSEL(𝑖, 𝑗) is decided by two receivers, i and j. The d1 indicates
the distance between the source to the closer receiver among the ith and jth receivers, and d2 indicates the distance between
the source to the further receiver. In Figure 47b, the error of a simple divergence model is plotted as a reference. It can be
observed that AEDT and the simple divergence model are both good at short distances. The error of both models increases
as d2 increases; however, the error of the simple divergence law increases much quicker because of the lack of air absorption
and other propagation effects. Comparing 47a with 47c, one can see that the error of the theoretical model is very similar
to that predicted by AEDT. However, the predictions according to the theoretical model are marginally better than those
predicted by AEDT at far ranges.

Figure 47. Error of (a) AEDT versus error of (b) a simple divergence law and (c) the theoretical model.
Next, the Doppler effect and the ground effect are removed from the theoretical model separately in Figure 48b and 48c.
Comparing with the theoretical model, one can see the Doppler effect and the ground effect influence the total error in a
very similar way. This is comparable with the results that have been discussed earlier for the spiral down events.

Figure 48. Error of theoretical models (b) without the Doppler effect and (c) without the ground effect.
Conclusions
To analyze the influence of the Doppler effect and the ground effect, we analyzed the two datasets with high signal-to-noise
ratios concerning spiral down events and level flight events. Through the use of the subtraction method, the influence of
source power is removed, and the influence of various propagation effects can be analyzed via comparing Δ𝑆𝐸𝐿 calculated
with different propagation models. The comparison results have suggested that both the Doppler effect and the ground
effect are crucial to the total attenuation during propagation. Both effects influence error of propagation in a very similar
way for both spiral down and level flight events. Removing the Doppler effect and the ground effect increases the error of
the propagation model in the region with small elevation angles (i.e., low source height cases in spiral down events and long
sideline distance cases in level flight events). The Doppler effect is only subtly included in the NPD data in AEDT. When the
speed of the aircraft is changed, there is no explicit mechanism to adjust the changes of the propagation effect caused by
the Doppler effect directly. Similarly, AEDT assumes a uniform ground property (i.e., that the ground is hard), which is
independent of ground properties and sound source spectra. Based on available theoretical propagation models, there is
room for improvement for AEDT in modeling the two effects more accurately.

Milestones

Yiming Wang has completed his PhD thesis entitled “Propagation of en route aircraft noise.” He has progressed to serve as
a Postdoctoral Research Assistant.

Major Accomplishments

Most of the Tasks and objectives have been completed; see earlier reports for the details of the Accomplishments. The
project is due for completion by December 31, 2020.

Outreach Efforts
None

Awards

Yiming Wang has been awarded the INCE Best Graduate Student Award, 2018.

Student Involvement

Jianxiong Feng has been involved partially on this project.

Plans for Next Period

In the next few months, we plan to complete a final report for submission. We also plan to prepare a technical paper on
the relevant topic for submission to a refereed journal for publication and possibly for a conference presentation of the
findings.
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