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Goal is to quantify uncertainty in the level of noise reaching ground 
from supersonic aircraft at cruise conditions
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Goal is to quantify uncertainty in the level of noise reaching ground 
from supersonic aircraft at cruise conditions

Outline


1. Predicting acoustic signatures 

2. Quantifying uncertainty 

3. Handling atmospheric uncertainty 

4. X-59 UQ
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Image credit: NASA
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Schlieren photograph 
of a supersonic aircraft 

Sonic Booms
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Schlieren photograph 
of a supersonic aircraft 

Sonic Booms

• Classical signatures are N-waves

• Sound characteristics are a function of the ground pressure 

signature 
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Image credit: NASA
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Schlieren photograph 
of a supersonic aircraft 

Sonic Booms

Loudness metrics (dB)

• Perceived Level PL 
• Weighted Sound Exposure Level: A/B/C/D/ESEL 
• Indoor Sonic Boom Annoyance Predictor 

‣  ISBAP = PL - 0.4201(CSEL-ASEL)
∆p

Time

• Classical signatures are N-waves

• Sound characteristics are a function of the ground pressure 

signature 



Predicting En-Route Noise
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GROUND SIGNATURES &

NOISE CARPET


CARPET WIDTH & LOCATION


Image credit: NASA

Noise characterization requires prediction of the primary loudness carpet



Predicting En-Route Noise
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Image credit: NASA

Atmospheric conditions

(wind, temperature, humidity)

Loudness footprint is subject to many sources of uncertainty

Terrain

Aircraft shape and 
operating conditions



Objectives
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1. Quantify uncertainty in low-boom outputs due to input sources of uncertainty

2. Assess and minimize sources of error

• Directly apply UQ to high-fidelity simulations

• Mean & standard deviation 
• Probability density function 
• Cumulative distribution 

function

• Noise metrics 
‣ Perceived Level (PL) 
‣ Sound Exposure Level (SEL) 
‣ Indoor Sonic Boom 

Annoyance Predictor (ISBAP)

• State of the atmosphere 
‣ Temperature and relative humidity 

• Flight conditions 
‣ Mach number 
‣ Altitude

3. Minimize computational cost

Enable future en-route noise 
compliance through 

simulation-based analysis  



Uncertainty Quantification with QUEST
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Quantified Uncertainty with Error bias estimation Software Tools

• Implements comprehensive set of UQ methods

‣ Dense and sparse quadratures 

‣ Multi-level Monte-Carlo sampling 

‣ Kernel density estimation for PDF and CDF evaluation 

‣ Specialized numerics to handle stochastic discontinuities, 
e.g. those due to shocks 

• Intrinsic post-processing of discretization errors

• Developed by Dr. Tim Barth in TTT-RCA

• Currently maintaining active QUEST server and webpage 
(NASA internal use only)

QUESTPrep

Sources of Uncertainty

QUESTPost

Statistics

Realizations

Database

https://nas.nasa.gov/publications/software/quest/questresourcesV4.html



Evaluation of Statistics for Outputs of Interest
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Expectation 
(Mean)

<latexit sha1_base64="cBxFUeZzSZnnMM1RfznlQWL4dK8=">AAACIHicbVDLSgMxFM3UV62vqks3wSLUTZkpom6EggriqoJ9QDuUTOZOG5rJDElGLEM/wN/wB9zqH7gTl/oBfofpY2FbLyT35Jx7uTfHizlT2ra/rMzS8srqWnY9t7G5tb2T392rqyiRFGo04pFsekQBZwJqmmkOzVgCCT0ODa9/OdIbDyAVi8S9HsTghqQrWMAo0Ybq5AvXrdti+5Edu/gCt5nQePLEwST55jZVdskeB14EzhQU0DSqnfxP249oEoLQlBOlWo4dazclUjPKYZhrJwpiQvukCy0DBQlBuen4M0N8ZBgfB5E0x6wzZv92pCRUahB6pjIkuqfmtRH5n9ZKdHDupkzEiQZBJ4OChGMd4ZEz2GcSqOYDAwiVzOyKaY9IQrXxb2ZKEnclQH9ojHHmbVgE9XLJOS2V704KlaupRVl0gA5RETnoDFXQDaqiGqLoCb2gV/RmPVvv1of1OSnNWNOefTQT1vcvwX6hsA==</latexit>

E[J(⇠)] =

Z
J(⇠)f(⇠)d⇠

Input Probability Density Function

Input Random Variable 
(Mach Number)

Noise Output 
(PL)

<latexit sha1_base64="ittSV5EyxGEG8Wovah4V9+kM9zo=">AAACAXicbVDLSgNBEOz1GeMr6tHLYhDiJeyKRI8BPXiMYB6QLGF20puMmZ1dZmbFsOTkD3jVP/AmXv0Sf8DvcJLswSQWNBRV3XR3+TFnSjvOt7Wyura+sZnbym/v7O7tFw4OGypKJMU6jXgkWz5RyJnAumaaYyuWSEKfY9MfXk/85iNKxSJxr0cxeiHpCxYwSrSRGkGp88TOuoWiU3amsJeJm5EiZKh1Cz+dXkSTEIWmnCjVdp1YeymRmlGO43wnURgTOiR9bBsqSIjKS6fXju1To/TsIJKmhLan6t+JlIRKjULfdIZED9SiNxH/89qJDq68lIk40SjobFGQcFtH9uR1u8ckUs1HhhAqmbnVpgMiCdUmoLktSdyXiMOxCcZdjGGZNM7LbqVcubsoVm+yiHJwDCdQAhcuoQq3UIM6UHiAF3iFN+vZerc+rM9Z64qVzRzBHKyvX1UYl48=</latexit>

f(⇠)
Numerical Approximation of Expectation

Approximate Outputs 
(Realizations)

<latexit sha1_base64="cv280YoBtxh/1KxXXMLr4NGBcVI=">AAACJXicbZDLSgMxFIYzXmu9VV26CRahBSkzRdRlQRfFhVSwF+iUIZOetqGZC0lGLMO8gq/hC7jVN3Angit3PodpO4tePBD4+P9zOCe/G3ImlWl+Gyura+sbm5mt7PbO7t5+7uCwIYNIUKjTgAei5RIJnPlQV0xxaIUCiOdyaLrD67HffAQhWeA/qFEIHY/0fdZjlCgtObnCrRNXk4L9xJzYSopnNrZ5N1BSw4xzlxSdXN4smZPCy2ClkEdp1Zzcr90NaOSBrygnUrYtM1SdmAjFKIcka0cSQkKHpA9tjT7xQHbiyY8SfKqVLu4FQj9f4Yk6OxETT8qR5+pOj6iBXPTG4n9eO1K9q07M/DBS4NPpol7EsQrwOB7cZQKo4iMNhAqmb8V0QAShSoc4tyUK+wJgmOhgrMUYlqFRLlkXpfL9eb5yk0aUQcfoBBWQhS5RBVVRDdURRc/oFb2hd+PF+DA+ja9p64qRzhyhuTJ+/gDfkKUJ</latexit>

JH(⇠1), . . . , JH(⇠N )

- point Gauss-Patterson Quadrature
<latexit sha1_base64="JtsYMs3yK/fXsQOTAErckbNo8PE=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGgB0+SgHlAsoTZSScZMju7zMwKYYk/4FX/wJt49V/8Ab/DSbIHk1jQUFR1090VxIJr47rfztr6xubWdm4nv7u3f3BYODpu6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SjGcfoh3QgeZ8zaqxUe+gWim7JnYGsEi8jRchQ7RZ+Or2IJSFKwwTVuu25sfFTqgxnAif5TqIxpmxEB9i2VNIQtZ/ODp2Qc6v0SD9StqQhM/XvREpDrcdhYDtDaoZ62ZuK/3ntxPRv/JTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZrOwJYkHCnE0scF4yzGskka55F2VyrXLYuUuiygHp3AGF+DBNVTgHqpQBwYIL/AKb86z8+58OJ/z1jUnmzmBBThfv/UNlbM=</latexit>

N

<latexit sha1_base64="JtsYMs3yK/fXsQOTAErckbNo8PE=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGgB0+SgHlAsoTZSScZMju7zMwKYYk/4FX/wJt49V/8Ab/DSbIHk1jQUFR1090VxIJr47rfztr6xubWdm4nv7u3f3BYODpu6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SjGcfoh3QgeZ8zaqxUe+gWim7JnYGsEi8jRchQ7RZ+Or2IJSFKwwTVuu25sfFTqgxnAif5TqIxpmxEB9i2VNIQtZ/ODp2Qc6v0SD9StqQhM/XvREpDrcdhYDtDaoZ62ZuK/3ntxPRv/JTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZrOwJYkHCnE0scF4yzGskka55F2VyrXLYuUuiygHp3AGF+DBNVTgHqpQBwYIL/AKb86z8+58OJ/z1jUnmzmBBThfv/UNlbM=</latexit>

N

<latexit sha1_base64="3NkDi7qhniy7pNKdxLunbd94HXo="></latexit>

µ = EN [JH ] =
NX

i=1

(w JH)i

Quadrature Weights
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Expectation 
(Mean)

<latexit sha1_base64="cBxFUeZzSZnnMM1RfznlQWL4dK8=">AAACIHicbVDLSgMxFM3UV62vqks3wSLUTZkpom6EggriqoJ9QDuUTOZOG5rJDElGLEM/wN/wB9zqH7gTl/oBfofpY2FbLyT35Jx7uTfHizlT2ra/rMzS8srqWnY9t7G5tb2T392rqyiRFGo04pFsekQBZwJqmmkOzVgCCT0ODa9/OdIbDyAVi8S9HsTghqQrWMAo0Ybq5AvXrdti+5Edu/gCt5nQePLEwST55jZVdskeB14EzhQU0DSqnfxP249oEoLQlBOlWo4dazclUjPKYZhrJwpiQvukCy0DBQlBuen4M0N8ZBgfB5E0x6wzZv92pCRUahB6pjIkuqfmtRH5n9ZKdHDupkzEiQZBJ4OChGMd4ZEz2GcSqOYDAwiVzOyKaY9IQrXxb2ZKEnclQH9ojHHmbVgE9XLJOS2V704KlaupRVl0gA5RETnoDFXQDaqiGqLoCb2gV/RmPVvv1of1OSnNWNOefTQT1vcvwX6hsA==</latexit>

E[J(⇠)] =

Z
J(⇠)f(⇠)d⇠

Input Probability Density Function

Noise Output 
(PL)

<latexit sha1_base64="ittSV5EyxGEG8Wovah4V9+kM9zo=">AAACAXicbVDLSgNBEOz1GeMr6tHLYhDiJeyKRI8BPXiMYB6QLGF20puMmZ1dZmbFsOTkD3jVP/AmXv0Sf8DvcJLswSQWNBRV3XR3+TFnSjvOt7Wyura+sZnbym/v7O7tFw4OGypKJMU6jXgkWz5RyJnAumaaYyuWSEKfY9MfXk/85iNKxSJxr0cxeiHpCxYwSrSRGkGp88TOuoWiU3amsJeJm5EiZKh1Cz+dXkSTEIWmnCjVdp1YeymRmlGO43wnURgTOiR9bBsqSIjKS6fXju1To/TsIJKmhLan6t+JlIRKjULfdIZED9SiNxH/89qJDq68lIk40SjobFGQcFtH9uR1u8ckUs1HhhAqmbnVpgMiCdUmoLktSdyXiMOxCcZdjGGZNM7LbqVcubsoVm+yiHJwDCdQAhcuoQq3UIM6UHiAF3iFN+vZerc+rM9Z64qVzRzBHKyvX1UYl48=</latexit>

f(⇠)

<latexit sha1_base64="K/sQ/h8It334GZsx0haAq+BnxQo=">AAACHnicbVDLSsNAFJ3Ud31VXboZLYIbSyKibgRBBelCKtgHpCFMprft0MkkzEyEErL2N/wBt/oH7sSt/oDf4fSxsK0HLhzOuZd77wlizpS27W8rNze/sLi0vJJfXVvf2CxsbddUlEgKVRrxSDYCooAzAVXNNIdGLIGEAYd60Lsa+PVHkIpF4kH3Y/BC0hGszSjRRvILe81HIiFWjEcCX+Abt+zhI3zjp3eZW/bT28zzC0W7ZA+BZ4kzJkU0RsUv/DRbEU1CEJpyopTr2LH2UiI1oxyyfDNREBPaIx1wDRUkBOWlw1cyfGCUFm5H0pTQeKj+nUhJqFQ/DExnSHRXTXsD8T/PTXT73EuZiBMNgo4WtROOdYQHueAWk0A17xtCqGTmVky7RBKqTXoTW5K4IwF6mQnGmY5hltSOS85p6fj+pHh5PY5oGe2ifXSIHHSGLtEtqqAqougJvaBX9GY9W+/Wh/U5as1Z45kdNAHr6xdrdKIx</latexit>

" = E[J ]� EN [JH ]

Numerical Error in Expectation
<latexit sha1_base64="PrVcyk+8jUOynsy61N/7AK3sdNA=">AAACDHicbVDLSgMxFM3UV62vUZdugkUQCmVGpLoRCioUVy3YB0yHkknTNjTzILlTKEN/QfBfBBci6MaFf+DfmLazsK0HAodzTrj3XC8SXIFl/RiZtfWNza3sdm5nd2//wDw8aqgwlpTVaShC2fKIYoIHrA4cBGtFkhHfE6zpDW+nfnPEpOJh8AjjiLk+6Qe8xykBLXXMwg2+d9ojIlmkuNBKxcUF/FdIahPnoZNUJm7HzFtFawa8SuyU5FGKasf8bndDGvssACqIUo5tReAmRAKngk1y7VixiNAh6bNkVmWCz7TUxb1Q6hcAnqkLOeIrNfY9nfQJDNSyNxX/85wYetduwoMoBhbQ+aBeLDCEeHoX3OWSURBjTCjV+8YE9B50QCShoO+X0+Xt5aqrpHFRtEvFUu0yX75Lz5BFJ+gUnSMbXaEyqqAqqiOKntEr+kCfxpPxYrwZ7/Noxkj/HKMFGF+/Cuaa5Q==</latexit>

= E[ωH ] + ωQ[JH ]
<latexit sha1_base64="lsh8SGK+GnswGB+eYDr29LkWqR4=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGghxwTMA9IljA76U2GzM4uM7NCCPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfb2djc2t7Zze3l9w8Oj44LJ6dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYzuZ37rCZXmsXw04wT9iA4kDzmjxkr1aq9QdEvuHGSdeBkpQoZar/DT7ccsjVAaJqjWHc9NjD+hynAmcJrvphoTykZ0gB1LJY1Q+5P5oVNyaZU+CWNlSxoyV/9OTGik9TgKbGdEzVCvejPxP6+TmvDOn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNktb0mSgEEdTG4y3GsM6aZZL3k2pXL8uVh6yiHJwDhdwBR7cQgWqUIMGMEB4gVd4c56dd+fD+Vy0bjjZzBkswfn6Bet9la0=</latexit>

H

<latexit sha1_base64="M30zH8kERLVDfiGwWnbXNcvjtFc=">AAACHHicbVDLSgMxFM34rPVVdenCYBHcWGakqBuhoIvSVQX7gHYomfROG5p5kGQKZTpLf8MfcKt/4E7cCv6A32HazsK2Hgice8693JvjhJxJZZrfxsrq2vrGZmYru72zu7efOzisyyASFGo04IFoOkQCZz7UFFMcmqEA4jkcGs7gbuI3hiAkC/xHNQrB9kjPZy6jRGmpkztpD4mAUDKuq7ic4Fs8xhV8gSvTatzJ5c2COQVeJlZK8ihFtZP7aXcDGnngK8qJlC3LDJUdE6EY5ZBk25GEkNAB6UFLU594IO14+pEEn2mli91A6OcrPFX/TsTEk3LkObrTI6ovF72J+J/XipR7Y8fMDyMFPp0tciOOVYAnqeAuE0AVH2lCqGD6Vkz7RBCqdHZzW6KwJwAGiQ7GWoxhmdQvC9ZVofhQzJfu04gy6BidonNkoWtUQmVURTVE0RN6Qa/ozXg23o0P43PWumKkM0doDsbXL9S4oVc=</latexit>

"H = |J � JH | Discretization Error Error in Expectation Quadrature

Numerical Approximation of Expectation

Approximate Outputs 
(Realizations)

<latexit sha1_base64="cv280YoBtxh/1KxXXMLr4NGBcVI=">AAACJXicbZDLSgMxFIYzXmu9VV26CRahBSkzRdRlQRfFhVSwF+iUIZOetqGZC0lGLMO8gq/hC7jVN3Angit3PodpO4tePBD4+P9zOCe/G3ImlWl+Gyura+sbm5mt7PbO7t5+7uCwIYNIUKjTgAei5RIJnPlQV0xxaIUCiOdyaLrD67HffAQhWeA/qFEIHY/0fdZjlCgtObnCrRNXk4L9xJzYSopnNrZ5N1BSw4xzlxSdXN4smZPCy2ClkEdp1Zzcr90NaOSBrygnUrYtM1SdmAjFKIcka0cSQkKHpA9tjT7xQHbiyY8SfKqVLu4FQj9f4Yk6OxETT8qR5+pOj6iBXPTG4n9eO1K9q07M/DBS4NPpol7EsQrwOB7cZQKo4iMNhAqmb8V0QAShSoc4tyUK+wJgmOhgrMUYlqFRLlkXpfL9eb5yk0aUQcfoBBWQhS5RBVVRDdURRc/oFb2hd+PF+DA+ja9p64qRzhyhuTJ+/gDfkKUJ</latexit>

JH(⇠1), . . . , JH(⇠N )

- point Gauss-Patterson Quadrature
<latexit sha1_base64="JtsYMs3yK/fXsQOTAErckbNo8PE=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGgB0+SgHlAsoTZSScZMju7zMwKYYk/4FX/wJt49V/8Ab/DSbIHk1jQUFR1090VxIJr47rfztr6xubWdm4nv7u3f3BYODpu6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SjGcfoh3QgeZ8zaqxUe+gWim7JnYGsEi8jRchQ7RZ+Or2IJSFKwwTVuu25sfFTqgxnAif5TqIxpmxEB9i2VNIQtZ/ODp2Qc6v0SD9StqQhM/XvREpDrcdhYDtDaoZ62ZuK/3ntxPRv/JTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZrOwJYkHCnE0scF4yzGskka55F2VyrXLYuUuiygHp3AGF+DBNVTgHqpQBwYIL/AKb86z8+58OJ/z1jUnmzmBBThfv/UNlbM=</latexit>

N

<latexit sha1_base64="JtsYMs3yK/fXsQOTAErckbNo8PE=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGgB0+SgHlAsoTZSScZMju7zMwKYYk/4FX/wJt49V/8Ab/DSbIHk1jQUFR1090VxIJr47rfztr6xubWdm4nv7u3f3BYODpu6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/WbT6g0j+SjGcfoh3QgeZ8zaqxUe+gWim7JnYGsEi8jRchQ7RZ+Or2IJSFKwwTVuu25sfFTqgxnAif5TqIxpmxEB9i2VNIQtZ/ODp2Qc6v0SD9StqQhM/XvREpDrcdhYDtDaoZ62ZuK/3ntxPRv/JTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZrOwJYkHCnE0scF4yzGskka55F2VyrXLYuUuiygHp3AGF+DBNVTgHqpQBwYIL/AKb86z8+58OJ/z1jUnmzmBBThfv/UNlbM=</latexit>

N

<latexit sha1_base64="3NkDi7qhniy7pNKdxLunbd94HXo="></latexit>

µ = EN [JH ] =
NX

i=1

(w JH)i

Quadrature Weights
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Approach: Non-Intrusive Implementation

Geometric a

<latexit sha1_base64="OtNL7BKXUuIKlteoXgmcbSZG0Eo=">AAACNnicbZDJSgNBEIZ74hbjFvXopTEICUiYCeJyC+gheJAIZoFMGHo6laRJz0J3jxiGeRZfwxfwqmcv3tSrj2BnOWSxoOHn+6uo6t8NOZPKND+M1Mrq2vpGejOztb2zu5fdP6jLIBIUajTggWi6RAJnPtQUUxyaoQDiuRwa7uB65DceQUgW+A9qGELbIz2fdRklSiMne3XrxJUkbz8xJ7aSwqmNZ0BpDGzeCZScd+6SgpPNmUVzXHhZWFORQ9OqOtlvuxPQyANfUU6kbFlmqNoxEYpRDknGjiSEhA5ID1pa+sQD2Y7HX0zwiSYd3A2Efr7CYzo7ERNPyqHn6k6PqL5c9EbwP68Vqe5lO2Z+GCnw6WRRN+JYBXiUF+4wAVTxoRaECqZvxbRPBKFKpzq3JQp7AmCQ6GCsxRiWRb1UtM6LpfuzXPlmGlEaHaFjlEcWukBlVEFVVEMUPaNX9IbejRfj0/gyfiatKWM6c4jmyvj9A3Peq1s=</latexit>

JH(⇠1), JH(⇠2), . . . , JH(⇠N )Realizations, e.g. noise metric

QUEST

Noise Analysis 
PL, ISBAP (dB)

Acoustic Signature Simulation

QUESTPrep

Sources of Uncertainty

QUESTPost

Statistics

Realizations

Database
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Approach: Nearfield-Farfield Decomposition

`

Nearfield 3D effects important

• Aircraft shape 
• Inlets, ducts, engine plumes 
• Steady, 3D CFD

Noise Analysis 
PL, ISBAP (dB)

• Stratification 
• Absorption 

• Winds 
• Geometric acoustics 

• Augmented Burgers’ equation

Cart3D

16 km

100 m

Signature Duration

Pr
op

ag
at

io
n 

Ti
m

e

Farfield

sBOOM
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Sources of Uncertainty

`

Nearfield

Farfield

sBOOM

Cart3D

16 km

100 m

Variable flight conditions

• Mach Number 
• Weight

• Altitude

• Uncertain state of atmosphere

‣ Temperature 
‣ Relative Humidity 
‣ Wind

%



Atmospheric Observations
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Current focus is on variability in atmospheric profiles at Edwards AFB  
• Location for X-59 acoustic validation flights 

Database of atmospheric profiles from European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis v5 (ERA5)  

• Selected observations from 2003 to 2022 
• Selected August at 18:00 UTC (10 am PT)

NASA Dryden 
Aeronautical Test Range

F-15 Probe Aircraft

LBFD Aircraft

Meteorological 
Data (ground)

GPS

Air Traffic Control
and Communications

Mission Control
and Telemetry

NASA Operations and 
Ground Facilities

Hangar Edwards 
Air Force Base

Telemetry
 &  C

ommunicationsAir-to-Air 
Position Data

Meteorological 
Data (balloon)

TG-14 with 
Microphone

Microphone Arrays 
(ground)

ConOps Composite

Community Surveys

_ _ _ _ _ Near-field _ _ _

_ _ _ _ _ Mid-field _ _ _

_ _ _ _ _ Far-field _ _ _ 

_ _ _ _ Ground-level _ _ _ 

Schlieren Imaging
(airborne)

Schlieren Imaging
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Find independent random variables that efficiently parameterize observed profiles 

We seek a compact, low-dimensional representation

Challenge is to accurately and efficiently model stochastic fluctuations in the atmosphere
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Karhunen-Loeve (KL) Expansion
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• Optimal representation of Gaussian process correlated random fields 
• Main idea is to use the covariance of the observed data to anchor the parameterization 
‣ Diagonalize discrete covariance matrix  
‣ Select largest eigenvalues to model dominant fluctuations of atmospheric properties

<latexit sha1_base64="nm52bHekXA8tCWzCkL8WzQXN0OA="></latexit>

ewk = µ(w) +w0
k = µ(w) +

MX

i=1

⇠i
p
�i�i

For an ensemble of discrete random-process atmospheric profiles
<latexit sha1_base64="XjGFIS2QPiRhdhM40m3R7daSnyc="></latexit>

w = {w1, . . . ,wk, . . . ,wK}

Parametric form of each profile  

Independent Random Variables
<latexit sha1_base64="YSg+x+SUl27CKm7Mo6SA9HDdRZY="></latexit>

⇠i = Nn�(µ = 0,�2 = 1)
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Consider KL6 Expansion
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KL6 Profiles 
545 realizations

Data 
620 profiles

Good agreement between modeled 
and measured profiles 
‣ Infrequent outliers not sampled well 
‣ Excellent agreement near the mean
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First six eigenvalues account 

for 90% of total variance
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Mean profiles agree exactly (by construction)

KL6 standard deviation errors are small

Error in standard deviation decreases as 
number of terms is increased
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X-59 (C612A)

Characterize uncertainty in X-59 ground signature and loudness due to 
uncertainty in cruise Mach number and altitude, and the atmosphere 

• 8 independent random variables 
‣ Assume normal distributions for Mach number (M∞) and altitude (Ac) 
‣ KL-6 parameterization of T and RH profiles  

• Assume flights at Edwards AFB in August, around 10 am PT
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Ground signatures due to 
uncertainty in Mach number, 
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Ground Signature Probability Density
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• Input uncertainty affects rise time, amplitude and signal duration 
• Probability distribution is close to Gaussian25



Perceived Loudness PDF
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Mean = 71.7 dB 𝝈 = 2.5 dB



Ranking of Uncertain Parameters
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Mean = 71.7 dB 𝝈 = 2.5 dB
• Fractional contribution 

to standard deviation 
• Atmospheric 

uncertainty most 
dominant (KL1,4) 

• Influence of Mach 
number is moderate 

• Altitude rank among 
lowest in current 
problem formulation 0
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Nominal Perceived Loudness
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Mean = 71.7 dB 𝝈 = 2.5 dB

Nominal PL

• Standard  Atmosphere 
• Nominal operating conditions



Cumulative Distribution Function for PL
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0.92

• 92% chance of success

‣Probability of exceeding 75 PL dB 

at Edwards AFB for flights in August 
at 18:00 UTC due to uncertainty in 
cruise Mach number, altitude and 
atmospheric conditions is 8% 

• Estimate neglects variability in 
aircraft mass and trim, and 
atmospheric turbulence



Summary
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1. Developed an efficient parameterization of atmospheric profiles using Karhunen-Loeve expansion 

• Expansion with just 6 parameters is an excellent compromise between accuracy and efficiency 

2. Atmosphere has a major influence on noise metrics 

• Standard deviation 4-8% in loudness metrics 

• Two terms of the KL expansion account for 60% of the uncertainty 

3. A morning flight on any day in August has a 92% probability of not exceeding 75 PL dB 

• Demonstrated efficient uncertainty quantification for noise under conditions expected during test flights

‣ Affordable cost on real-world problems, despite direct use of high-fidelity simulations and complex aircraft 

geometry 

• Important step toward en-route noise certification by simulation-based analysis



Next Steps
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• Continue stewardship of current release


• Development of new capabilities


‣ Ranking input uncertainties for higher dimensional outputs 

‣ Leveraging automated error analysis to control error bias 

‣ Benchmarking MLMC for large problems 

‣ Investigating model-form errors 

• Applications beyond quiet supersonic flight

NPP Post-doc opportunity:

“Uncertainty Quantification for Aircraft Certification by Analysis”

https://zintellect.com/Opportunity/Details/0133-NPP-NOV25-ARC-Aero
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QUEST  https://nas.nasa.gov/publications/software/quest/questresourcesV4.html 

sBOOM & Cart3D  https://software.nasa.gov/
marian.nemec@nasa.gov
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