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1. Obtaining confidence in signatures, assessing metrics sensitivity, and adjusting for reference day 
conditions 

2. Assessing secondary sonic boom propagation 
 

Project Funding Level  
This project focuses on multiple tasks at The Pennsylvania State University (Penn State) and its subcontractor 
Queensborough Community College. The FAA funding to Penn State in 2020–2021 is $200,000. Matching funds are 
expected to meet cost share on both tasks. Boom Supersonic has pledged $100,000 and Gulfstream has pledged 
$100,000. 
 

Investigation Team 
• Victor W. Sparrow, PI (Task 1 and 2), The Pennsylvania State University 
• Joshua Kapcsos, graduate research assistant (Task 1), The Pennsylvania State University 
• Kimberly A. Riegel, co-investigator (Task 2), subrecipient to Penn State, Queensborough Community College, City 

University of New York 
• Michael Rybalko, Joe Salamone, et al., Boom Supersonic [industrial partner] 
• Brian Cook, Charles Etter, Gulfstream [industrial partner] 

 

Project Overview 
We are on the verge of a true revolution in passenger aircraft development. Companies such as Boom Supersonic, Gulfstream 
Aerospace Corporation, Lockheed Martin, Exosonic, and others are reaching the point where they can build, and deliver to 
users, aircraft capable of flying supersonically in an environmentally responsible way. This will allow for decreased air 
transportation travel times, to the great benefit of everyone. 
 
Before introducing new supersonic aircraft, these vehicles must be certified as being quiet enough to not highly annoy the 
public. Preparing for such a certification process has been ongoing for several years in the FAA Office of Environment and 
Energy (AEE). Working with its international partners in the Committee for Aviation Environmental Protection (CAEP) of the 



	
	

	
 

International Civil Aviation Organization (ICAO), FAA has been laying the groundwork for certification standards. The FAA 
efforts have been supported by both universities and other government agencies. Specifically, Penn State has supported 
FAA/AEE through Projects 8 and 24 in the PARTNER Center of Excellence (http://partner.mit.edu/) and, more recently, in 
Projects 7, 41, and 42 in the ASCENT Center of Excellence (https://ascent.aero/). Summaries of these research efforts can 
be found on the websites provided. Thus far, a group of six candidate metrics for sonic boom certification have been agreed 
upon in CAEP’s Working Group 1 (WG1) (Noise) Supersonic Task Group (SSTG). Several schemes for certification have been 
generated. A few schemes have been eliminated from further consideration, and others are currently being evaluated for 
possible implementation. Procedures have been proposed for acquiring and processing ground measurement of the sonic 
boom signatures, but these remain under discussion. The extent to which atmospheric conditions will affect the 
measurements and the requirements and role of numerical simulations of sonic booms propagating from the aircraft to the 
ground are being considered. One particularly complicated part is the influence of the atmosphere creating distortions in 
the sonic boom signatures, due to atmospheric turbulence, and the subsequent effects on the metric values. These are just 
a few of the gaps that need to be filled. 
 
All of these topics are being worked on, step by step, in FAA and in the WG1 SSTG. Recent efforts in ASCENT Project 041 
support FAA with technical expertise in the development of the certification procedures and an initial understanding of 
secondary sonic booms. Secondary sonic booms, also known as over-the-top sonic booms, result from sound energy that 
travels upward at heights above the aircraft cruise altitude and land at distant locations. Secondary sonic booms are why 
Concorde was requested to transition from supersonic to subsonic speeds at substantial distances before entering the 
continental United States. ASCENT Project 041 ended in early 2021 and ASCENT Project 57 is now into its second year, but 
much remains to be done, as an effort lasting several more years will be required to move forward on certification standards 
for supersonic aircraft. 
 
In 2022 and beyond, continued support for supersonic aircraft noise efforts will be necessary for FAA and its international 
partners to fill technical solution gaps and continue making progress toward certification procedures. Although other 
universities and industry partners continue their focus on aircraft design and landing and takeoff (LTO) studies, it is essential 
to continue working on the sonic boom issues as these remain the greatest barrier for environmentally responsible 
supersonic aircraft. ASCENT Project 57 will support the ongoing activities in ICAO CAEP and WG1 (Noise), with a focus on 
establishing supersonic aircraft en-route procedures and metrics for noise certification standards and will support the 
interface with the ICAO Air Navigation Commission to address related noise issues. 
 
In the 2020–2023 project period, the emphasis will be on continuing support for supersonic aircraft en-route procedures.  
This includes the utilization of an agreed-upon reference day atmosphere, the establishment of techniques for incorporating 
measurement data and simulations into a draft certification procedure, and the consideration of off-design flight speed sonic 
booms, such as focus booms and acceleration booms. Support will also be provided for a more complete analysis of NASA’s 
SonicBAT dataset and efforts on a methodology to remove the effects of atmospheric turbulence on measured sonic boom 
waveforms to support certification. The 2020–2023 research will also need to consolidate and process the results of research 
conducted in 2019–2020 on secondary sonic booms that is a potential noise issue for the initial supersonic airplanes. This 
material will be of particular interest to ICAO’s Air Navigation Commission, because it could affect the operation of supersonic 
aircraft in the near term. The project investigator, Dr. V. Sparrow, will also be available to assist the FAA in providing expert 
knowledge and scientific understanding of sonic booms, as requested, and to support other CAEP committees, such as the 
Impacts and Science Group on their aircraft noise impacts activities. 

 
Task 1 - Obtaining Confidence in Signatures, Assessing Metrics Sensitivity, 
and Adjusting for Reference Day Conditions 
The Pennsylvania State University 
 
Objective 
ASCENT Project 57 is a transition from ASCENT Project 41: Identification of Noise Acceptance Onset for Noise Certification 
Standards of Supersonic Airplanes. As national aviation authorities move forward to develop noise certification standards 
for low-boom supersonic airplanes, several research gaps exist in the areas of signature fidelity, metrics, metrics sensitivity 
to real-world atmospheric effects, adjustments for reference conditions, etc. The objective of this Task is to support the FAA 
in the development of technical standards for civil supersonic aircraft under ICAO CAEP. This effort provides FAA with 



	
	

	
 

technical noise expertise regarding the development of noise certification standards for future civil supersonic passenger 
aircraft, primarily in the area of en -route noise (sonic boom) minimization and/or abatement. 
 
Task 1 in ASCENT Project 57 focuses on research initiatives needed to move toward the development of a low-boom 
supersonic en-route noise certification standard. An objective was to simulate the effects of turbulence within various 
planetary boundary layer heights above the ground and address artifacts that were found in resulting ground waveforms. 
 
Research Approach 
Background 
Propagation code KZKFourier is an augmentation of the Burgers equation into a KZKFourier propagation equation to include 
nonlinearity, diffraction, and absorption in directional sound beams, to simulate wind and temperature fluctuation effects of 
the atmospheric boundary layer based on the Ostashev and Wilson (2015) model. During the 2019–2020 academic year, 
PCBoom 6.7.1.1 and KZKFourier were used above and within the atmospheric boundary layer, respectively, to simulate 
turbulence effects of atmospheric boundary layer heights of 268.2, 411.4, and 1026.7 m, corresponding to SonicBAT flight 
conditions. Information regarding this endeavor appears in the 2020 report for ASCENT Project 057. After propagating 
shaped boom signatures through 10 randomly generated atmospheres, the data were shared with WG1/SSTG/PrSG, in which 
zero-padding and spiking artifacts were discovered near the beginning and ends of certain ground signatures; the plots 
shown in the 2020 report did not span the entire retarded time domain of the ground waveform data. These artifacts may 
erroneously interfere with the calculation of sound-level metrics, so a focus of Task 1 was to address these artifacts. 
 
Artifacts of KZKFourier Run 
The methodology used to simulate turbulence effects of sonic boom propagation includes the use of a no-turbulence tool to 
propagate the sonic boom from cruise altitude to the top of the atmospheric boundary layer, followed by a turbulence tool 
from the top of the ABL to ground altitude, as turbulence effects are only significant within the atmospheric boundary layer. 
For this procedure, PCBoom 6.7.1.1 was used as the no-turbulence tool and KZKFourier was used as the turbulence tool, so 
the PCBoom output must be converted into KZKFourier input. Dr. Trevor Stout provided a supplemental MATLAB code in the 
KZKFourier code package that reads PCBoom output and converts the waveform to a file type compatible with KZKFourier 
input, which zero-pads the waveforms to meet a specified time interval. We discovered that, because the PCBoom output was 
not centered at zero pressure, it was discovered that a discontinuity occurred where it meets the zero padding, an example 
of which is shown below in Figure 1. The artifact propagates throughout the turbulent atmospheric boundary layer, and the 
resulting artifacts interfere with sound metric calculation. Zero-padding discontinuities were present both in the front and 
rear portions of the KZKFourier input waveform, before the first shock and after the second shock, as the supplemental code 
centers the PCBoom waveform within the time window. However, only the front portion zero-padding artifact was seen in the 
KZKFourier output (with the exception of the no-turbulence condition), because the rear portion artifact was dominated by 
the post-shock results of the turbulence effects as the waveforms return to zero acoustic pressure. 
 



	
	

	
 

 
 

Figure 1. Plots of pre-signature distortion both before and after KZKFourier propagation through the 1026.7 m 
atmospheric boundary layer. 

 
In addition to zero-padding artifacts, spiking artifacts occurred at the ends of select signatures of certain turbulence random 
seeds. For the ground waveforms that were propagated through a 411.38 m atmospheric boundary layer, microphones 28 
through 40 (of 100) presented right-side spiking anomalies for turbulence condition 5. For waveforms that were propagated 
through the 1026.7 m ABL, right-side spiking anomalies were present for microphones 45 through 58 (of 100) of turbulence 
condition 2, as shown below in Figure 2. The spiking anomalies therefore occurred in groups of consecutive microphones 
and were not scattered throughout the results. None of the other turbulence conditions and respective microphones resulted 
in spiking anomalies. Due to improved viewing capabilities, it is known that the spiking begins near the onset of propagation 
at the top of the atmospheric boundary layer and distorts throughout the simulation to ground altitude, contributing to 
erroneous sound metrics.  The cause of this spiking artifact is being further investigated. 
 
 

Problem #1: Pre-signature Distortion 

PCBoom 
output 

Zero padding 
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Figure 2. Plots displaying 100 different ground pressure waveforms (in pascals) for turbulence condition 2 after 
propagation through an atmospheric boundary layer height of 1026.7 m. Spiking artifacts are emphasized. 

 
To circumvent the discussed artifacts, an extended cylinder file for the C609 shaped boom signature was provided by NASA 
and propagated through PCBoom to the top of the atmospheric boundary layer, followed by the application of a 10% taper 
to the ends of the KZKFourier input waveform at the top of the atmospheric boundary layer. The taper was implemented 
within the supplemental MATLAB code that formats the PCBoom output into a KZKFourier input. The combined use of the 
extended cylinder file and application of the 10% taper corrected the zero-padding artifacts just before the front shocks, 
which could not have been fixed by windowing alone. Additionally, the KZKFourier random seeds corresponding to 
turbulence conditions 2 and 5 were replaced with seeds 11 and 12 to circumvent spiking artifacts at the right ends of the 
waveforms. Additional time is needed to investigate the unexpected spiking at the ends of the signatures of turbulence 
conditions 2 and 5, corresponding to the random seeds of 2 and 5. Last, a 25% taper was implemented within the 
supplemental MATLAB code that reads and plots the output ground waveforms; its application to both ends of the KZKFourier 
output waveforms during post-processing ensured that all waveforms begin and end smoothly at zero pascals of acoustic 
pressure. The aggregate use of the cylinder file and both pre- and post-processing tapers is shown below in Figure 3, which 
resulted in more realistic sound metric calculations for use in sonic boom certification. After repeating the simulations of 
the original waveform database with the above changes, the resulting waveform database was made available to 
WG1/SSTG/PrSG. 
 

 
 

Figure 3. Plots of 1000 ground pressure waveforms (in pascals) after propagation through an atmospheric boundary layer 
height of 1026.7 m with extended cylinder file and pre- and post-processing tapers. 

 
 

Problem #2: Post-signature Distortion 



	
	

	
 

Internal Solution 
The KZKFourier code includes a function called “ApplyWindow” that applies a temporal window to waveforms at each time 
step, ensuring that the final point of each waveform is zero. Efforts are ongoing to convert MATLAB post-processing taper 
to C++ for insertion within the function to prevent spiking artifacts from forming regardless of random seed. 
 
Improved Viewing Capabilities 
In order to visualize the evolution of the spiking artifact, the waveform data were converted from retarded time to real time 
and saved to video. A contour plot was used to display turbulence effects, as shown below in Figure 4. Within the plot, the 
shaped sonic boom propagates from the top of the atmospheric boundary layer to ground altitude, from left to right. The 
improved viewing capability of the video format helped diagnose that the spiking artifact, seen below as a dark line at the 
left side of the turbulence effects, does not solely appear at ground altitude but propagates throughout the simulation. This 
improved viewing capability will be useful in future sonic boom certification endeavors. 
 

 
 

Figure 4. Still image from video of shaped sonic boom waveform progression in turbulence condition 2 from top of 1026.7 
m ABL to ground. 

 
Milestone 
Pre- and post-signature distortions have been addressed and eliminated from KZKFourier output, and the resulting waveform 
database was made available to WG1/SSTG/PrSG. 
 
Major Accomplishments 
ASCENT Project 057 Task 1 extended the KZKFourier software methodology to eliminate artifacts from turbulized signatures, 
and improved visualization was used to diagnose the artifacts. The latter could be useful in viewing future simulations for 
use in sonic boom certification of supersonic aircraft. 
 
Publications 
Loubeau, A., Doebler, W., Wilson, S. R., Ballard, K., Coen, P. G., Naka, Y., Sparrow, V. W., Kapcsos, J., Page, J. A., Downs, R. 

S., Lemaire, S., & Liu, S. R. (2021). Developing certification procedures for quiet supersonic aircraft using shaped 
sonic boom predictions through atmospheric turbulence. The Journal of the Acoustical Society of America, 149(4), 
A102–A102. https://doi.org/10.1121/10.0004646 

 



	
	

	
 

Outreach Efforts 
A summary of the procedure and findings of ASCENT Project 057 were presented virtually during Acoustics in Focus, the 
180th Meeting of the Acoustical Society of America. Additionally, a poster focused on Task 1 was presented during the 2021 
Fall Workshop of the Penn State Center for Acoustics and Vibration. 
 
Awards 
None. 
 
Student Involvement  
Joshua Kapcsos was the Penn State graduate research assistant who worked on ASCENT Project 57 during the 2020–2021 
academic year. 
 
Plans for Next Period 
Feedback is being requested from WG1/SSTG/PrSG participants on new signatures that can be produced to extend the 
waveform database. Additional simulations and corresponding recommendations regarding the potential sonic boom metrics 
for inclusion in a certification procedure will be conducted. Effort is ongoing regarding the implementation of an artifact 
solution within turbulence software so that all random atmospheres can be generated and used without issue. 
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Task 2 - Assessing Secondary Sonic Boom Propagation 
The Pennsylvania State University 
Queensborough Community College, City University of New York 
 
Research Approach 
PCBoom Comparison 
NASA recently released a new version of PCBoom, 7.1.0; the previous version was 6.7.1.2. To ensure that there were no 
substantial changes between code versions, a comparison run was completed. No substantial differences were observed. In 
addition, runs were made to determine the correct runtime earth mode that should be used between the options of Flat, 
Ellipse and Spherical Comparison. No substantial differences were observed between the different modes, so all simulations 
were made using the Flat earth approximation.  
 
Seattle Concorde Results 
To better understand how secondary booms behave for the U.S. Pacific Northwest, arrival locations were modeled covering 
the years 2016 and 2018 for all 12 months of the year, with an average weather profile for each month. We looked for 
similarities in impact behavior compared with the impact for the southwestern coast of the United States. This simulation 
used a trajectory simulating a typical flight path for a commercial aircraft arriving at Seattle from Tokyo. The aircraft is 
slowing from Mach 2.0 to Mach 1.18, similar to the speeds modeled for an LAX approach. The Concorde pressure information 
built into PCBoom was used as if Concorde were flying today. Meteorological data for 2016 and 2018 were obtained using 
the CFS v2 database. The profiles for January, a typical winter month, are shown for both years in Figure 5, and profiles for 
July, a typical summer month, are shown for both years in Figure 6. The profiles show that differences between the summer 
and winter months are largely in the upper atmospheric winds. These wind directions were consistent between 2016 and 
2018. The ray arrival locations for the arriving Seattle flight for a typical winter month in 2016 and 2018 are shown in Figure 



	
	

	
 

7 and those for a typical summer month are shown in Figure 8. It is clear from Figures 7 and 8 that there are no secondary 
sonic boom arrivals in the summer months, but there are secondary arrivals of both Type 1 and Type 2 secondary sonic 
booms in the winter months. These only impact the coastline for some of the winter months. Figure 9 shows the ray arrivals 
for December 2016 as an example. Due to the atmospheric conditions in the Pacific Northwest, the secondary sonic booms 
are present for the winter months and absent in the summer months. The direct impact on the coastline is highly dependent 
on the weather profile and the heading angle of the trajectory. In general, this is opposite from what we saw for East Coast 
simulations, where the secondary sonic booms were predominantly present during the summer months. Hence, we can 
conclude that these secondary sonic booms would be expected to occur every winter on an annual basis if Concorde were 
still flying.  
 

 
 

Figure 5. The monthly average temperature and wind speed profiles for January in Seattle for (a) 2016, and (b) 2018. 
 

 
 

Figure 6. The monthly average temperature and wind speed profiles for July in Seattle for (a) 2016, and (b) 2018.  
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Figure 7. Ray arrival locations for a hypothetical Concorde aircraft approaching Seattle in January in (a) 2016, and (b) 2018.  
 

  
 

Figure 8. Ray arrival locations for a hypothetical Concorde aircraft approaching Seattle in July in (a) 2016, and (b) 2018. 
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Figure 9. Ray arrival locations for a hypothetical Concorde aircraft approaching Seattle in December 2016.  

 
Trajectory Dependence 
To better understand the impact of the trajectory on the resulting secondary sonic boom arrivals on the coastline, the speed 
and heading of the trajectory were varied. The weather conditions used for all the trajectory simulations were the average 
monthly weather profiles for the year 2018, and the Concorde was used as the example aircraft. The first variable examined 
was trajectory speed, simulating three steady flight conditions. Then the dependence on trajectory heading was examined 
to determine the effect.  
 
Trajectory Speed  
Previously, all simulations were conducted with the trajectory speed profile of a decelerating aircraft. The case of steady 
flight was examined for Mach 2.0, Mach 1.5, and Mach 1.18. Figure 10 shows arrivals for each of the three steady flight 
conditions during January, a typical winter month. In this figure, it should be noted that there are no secondary boom arrivals 
for any of the steady-state flights and that the primary carpet is not observed for the Mach 1.18 condition, which indicates 
that it is flying in a Mach cutoff condition. Figure 11 shows arrivals for the steady flight conditions for a typical summer 
month. It should be noted that the Mach 1.18 flight is still flying at Mach cutoff but secondary arrivals are present in all three 
trajectories.  
 

 
 
 

Figure 10. Secondary sonic boom arrival locations for three steady flight conditions: (a) Mach 2.0, (b) Mach 1.5, and (c) 
Mach 1.18 during a typical winter month. 
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Figure 11. Secondary sonic boom arrival locations for three steady flight conditions: (a) Mach 2.0, (b) Mach 1.5, and (c) 
Mach 1.18 for a typical summer month.  

 
Heading Angle  
Six heading angles were considered to understand the effect of heading on resulting secondary sonic boom arrivals. A 
hypothetical Concorde flying a steady speed of Mach 2.0 was considered for headings 0°, 70°, 135°, 180°, 250°, and 315°,  
where 0° is due north. Weather data for 2018 obtained using the CFS v2 database was used for the atmospheric data. Figure 
12 shows the results for January, a typical winter month. Although there are secondary sonic boom arrivals during the winter 
months for headings away from the coastline, they are mostly located over the ocean and are not expected to impact the 
coastline. Figure 13 shows the arrival locations for July, a typical summer month. The headings traveling toward the coastline 
create secondary sonic booms that impact the coastline, including the headings due north and south.  
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Figure 12. Ray arrival locations for a hypothetical Concorde aircraft approaching New York City at a steady speed at 

headings of (a) 0°, (b) 70°, (c) 135°, (d) 180°, (e) 250°, and (f) 315° in January 2018. 
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Figure 13. Ray arrival locations for a hypothetical Concorde aircraft approaching New York City at a steady speed of (a) 0°, 
(b) 70°, (c) 135°, (d) 180°, (e) 250°, and (f) 315° in July 2018. 

 
Trajectory and Caustic Checks 
The acoustic pressure signatures from the secondary sonic booms are still not well characterized. To understand the nature 
of pressure calculations, the first step is to better understand the caustic predictions. A caustic occurs when the ray tube 
area goes to zero or when the rays cross. To better understand the nature of the trajectories, simulations for the Rickley and 
Pierce conditions were made with PCBoom. The trajectories were then plotted, and the ray crossing locations were identified. 
These ray crossing locations were then compared with the PCBoom-predicted caustic locations. There were some 
discrepancies in the locations of the ray crossings between the plotted trajectories and the PCBoom-predicted locations. This 
task is still in progress and determining the cause of the discrepancies requires further investigation.  
 
Milestone 
Secondary sonic boom results are now available for the U.S. Pacific Northwest coast for the first time. 
 
Major Accomplishments 
ASCENT Project 057 Task 2 extended our knowledge of secondary booms impacting coastlines; now the project can make 
secondary boom predictions for different arrival angles and speeds. The study of caustics and their effects on the acoustic 
pressure signatures was initiated. 
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Publications 
A manuscript providing an overview of secondary sonic boom studies for U.S. coastlines was approved by FAA and is now 
under review for The Journal of the Acoustical Society of America. 
 
Outreach Efforts 
None. 
 
Awards 
None. 
 
Student Involvement  
None. 
 
Plans for Next Period 
In Task 2, we will continue to work toward accurate acoustic signatures for secondary sonic booms, which is essential in 
order to assess community impact. 
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