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Abstract 
 
 Estimates of the total uncertainty for empirically determined loudness levels are 
documented when GRS (Ground Recording System) noise monitors are used to record 
X-59 sonic boom waveforms.  The total uncertainty is characterized by combining nine 
different sources of uncertainty that may affect the apparent gain of the measurement chain.  
These uncertainty estimates are presented as expected measurement error relative to the 
true loudness level, and separate error estimates are provided for eight different noise 
metrics in which NASA has interest.  The behavior of the Perceived Level (PL) metric is 
studied within the report body, while the total uncertainties for the seven other noise metrics 
are summarized in appendices for brevity.  The effects of four sources of uncertainty are 
estimated simply from information found on hardware specification sheets provided by the 
manufacturer.  However, mock acoustic recordings are created to estimate the effects of 
other sources because those effects are expected to induce spectral coloration, so they may 
vary with noise metric type and sound level.  These sources are not well modeled by simple 
gain adjustments.  Importantly, measurement error is computable when processing mock 
recordings since the true levels are knowable, which is not the case when processing data 
recorded in the field.  Specifically, the true levels are knowable because the components of 
the mock recordings are separable – e.g., loudness levels of booms can be computed with 
or without superimposed background noise.  Mock acoustic recordings also have the 
benefit of allowing analysis of sonic booms from vehicles that are not yet flying, like the 
X-59, since the mock recordings are created by combining vehicle-specific predicted 
waveforms with other audio sources.  The estimates of total measurement error are 
documented as a function of the signal-to-noise ratio (SNR) of the loudness level, where 
the corrected SNR is computed while accounting for the effects of the method that is used 
to correct for background noise contamination when computing the noise metric values.  
The corrected SNR calculations used here can be applied to both mock recordings and in-
field measurements, so the uncertainty of in-field recordings can be found using pre-
computed lookup tables that identify the relationship between metric type, corrected SNR, 
and the expected measurement error. 
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I. INTRODUCTION 
 

NASA will use noise monitors to record acoustical data during overflights of the 
X-59 aircraft and will process those data to estimate the loudness levels of the sonic booms 
that are produced at ground level by the vehicle during supersonic flight.  The loudness 
level values calculated from these audio recordings will be used:  

• To verify that the aircraft can achieve the reduced loudness levels to which it was 
designed (e.g., see Ref. [2]), and  

• As a component of the estimated noise dose assigned to respondents during tests of 
community annoyance to shaped sonic boom noise (e.g., see Refs. [3, 4, 5, 6]).   

The planned field tests activities are summarized in the next subsection.  Several sources 
of uncertainty in the measurement chain of the noise monitors will affect loudness levels 
that are computed from the measured waveforms, which will cause those empirical 
loudness levels to deviate from the true levels.  The purpose of this document is to discuss 
the sources of uncertainty, estimate their magnitudes, and estimate the combined 
measurement error that is expected when GRS noise monitors – developed by Crystal 
Instruments – are used to record X-59 sonic boom waveforms and compute loudness levels.   
 

The measurement chain and signal processing related sources of uncertainty 
considered here are listed in Table 1.  The first five sources of uncertainty found in Table 1 
are termed “invariable” since their effects are not expected to vary with metric type or the 
loudness level of the measured sonic boom.  These effects are assumed to result in a simple 
change in overall gain, which is applied equally to all metric types and levels.  In contrast, 
the last five sources listed in Table 1 are expected to vary with the choice of noise metric 
and the level since those sources may produce spectral coloration.  It is expected that the 
unique weighting function of each noise metric type will interact differently with the 
spectral coloration effects to produce metric-specific, and possibly level-specific, 
uncertainty estimates.  These five sources are termed “variable” sources of uncertainty 
here.  Three of the variable sources are related to the GRS hardware components while two 
variable sources are related to the computational algorithms that are used to process the 
measured waveforms.  The effects of all ten sources are quantified separately and then 
combined to estimate the total error, where the effect of each source is assumed to be 
independent of the other sources. 
 

Also included in the fourth column of Table 1 is an indication of whether the effect 
of each source was found to contribute significantly to the total measurement error that is 
documented later.  Specifically, if an effect was found in Section V to have a proportional 
contribution of 1% or more to the total measurement error variance for any metric or level, 
then the source is identified as significant in Table 1.  Sources are indicated as not 
significant if they contributed less than 1% to the total variance across all levels and all 
metric types considered here. 

 
The methods used to estimate the effect of each source of uncertainty are different 

for the invariable and variable sources of uncertainty.  Generally, information found on the 
hardware specification sheets informs the effects of the invariable sources.  The exception 
to that is the microphone calibration source, which is informed by past in-situ calibration 
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data for a set of NASA-owned microphones.  For the variable sources, mock acoustic 
recordings are constructed and used to estimate the contribution from all five of those 
sources, where the effects are evaluated for different noise metric types and sound levels.  
The total uncertainty of all sources when combined will be a function of both metric type 
and level since the combined result will include the background noise source, whose effect 
is significant and varies with both metric and level (Table 1).   
 

This document is organized as follows.  The types of field tests during which booms 
from the X-59 aircraft will be measured are briefly discussed in Section I.A to give readers 
a general sense of test objectives.  Section I.B documents the GRS hardware so readers 
have some basic knowledge of the noise monitor components that will be used during those 
field tests.  Then the values assumed for the effects of the invariable and the variable 
sources of uncertainty are documented in Sections II and III, respectively.  The approaches 
used to estimate the assumed values are documented in those sections.  Next, the methods 
used to combine these different sources to compute the total measurement error are 
discussed in Section IV.  Section V.A documents the outcome of combining all uncertainty 
sources, where the total measurement error is presented for the values assumed in Sections 
II and III.  The measurement error is documented as a function of SNR and metric type.  
Then, the proportional contribution of each source to the total variance is documented in 
Section V.B, which gives some indication of the relative influence of each uncertainty 
source.  The four sources that contribute most to the total measurement error are identified 
in that section.  Changes in the total measurement error are studied in Section V.C to 
highlight how modest changes in test procedures and GRS placement choices might reduce 
the error for three of the four most significant sources as compared to the baseline results 
in Sections V.A and V.B.  Finally, some caveats that readers should understand and possible 
future work to refine the uncertainty estimates are given in Section VI. 
 
 
Table 1: Listing of the sources of uncertainty, the assumed effect, and whether the source 
was determined to be significant. 
 

Source 
Effect varies 
with metric? 

Effect varies 
with level? 

Effect is 
significant? 

Microphone, calibration No No Yes 
Microphone, ambient temperature No No Yes 
Microphone, ambient humidity No No Yes 
Microphone, ambient pressure No No Yes 
GRS ADC, gain No No Yes 
Background noise Yes Yes Yes 
GRS ADC, sample rate Yes No No 
Windscreen, insertion loss/incident angle Yes No Yes 
Boom finder, window jitter Yes Yes No 
Metric code, numeric precision Yes No No 
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A. Planned X-59 field test campaigns 
 

The planned field tests are grouped into two long-duration flight test campaigns 
termed “phase 2” and “phase 3”.  The phase 2 flights will be conducted near NASA 
Armstrong Flight Research Center with up to 70 noise monitors arranged into one or more 
large arrays located in the Mojave Desert.  During phase 2 flights, the sonic boom 
waveforms of the X-59 will be measured so the acoustical characteristics can be computed 
and compared to those of the aircraft design requirements and computer-based simulations 
(e.g., see Ref. [2]).  The primary objective of phase 2 is to determine if the aircraft achieved 
the acoustical design requirements, specifically whether the sonic boom loudness level 
target is met.  A secondary objective is to check the validity of the propagation tools that 
are used to simulate shaped sonic booms that are received at ground level (e.g., Ref. [7]) 
since these tools will be used in the design and analysis of phase 3 (discussed below).  Thus, 
the expected uncertainty in the measurements is needed during phase 2 since it will inform 
the analysis of whether measured levels agree with target levels and predicted levels. 
 

During phase 3 flights, the aircraft will fly over communities within the United 
States to gather data about how people in communities react to the sonic boom noise 
produced by the aircraft (e.g., see Refs. [3, 4, 5]).  Phase 3 is planned to be divided into 
about five different tests, each about a month long, where X-59 will repeatedly overfly five 
communities within the United States and respondents will judge their annoyance to the 
sonic boom noise they experience. The objective of phase 3 is to educe a dose-response 
model from data that quantify community annoyance to shaped sonic boom noise.  The 
data gathered in phase 3 will include both community annoyance data and outdoor noise 
dose data that is estimated, in part, using empirical loudness levels computed from the 
measured waveforms [6].  About 100 noise monitors will be placed outdoors within 
overflown communities to measure the booms received.  Then, the measured levels will be 
combined with predicted levels using a Kalman filter method [6], the weightings of which 
will be informed by the estimated uncertainty of both noise dose data sources.  
 

Thus, the uncertainty quantified in this report and the MATLAB® scripts used for 
that quantification (Sections II, III, and IV) are expected to help inform future analyses 
during both phase 2 and 3 X-59 field test campaigns.  However, the input values assumed 
herein may need to be adjusted as calibration and field test procedures are refined. 
 
B. GRS hardware and software 
 

The acoustical measurement chain of the GRS noise monitors consists of four 
hardware components: 

• The analog-to-digital converter (ADC) hardware inside the GRS1 noise monitor 
manufactured by Crystal Instruments [8],  

• A model 378M12 low-frequency capable, IEPE-powered microphone that is 
manufactured by PCB Piezotronics (specification sheet not available publicly),  

 
1 The GRS product link in Ref. [8] is provided for documentation purposes only.  Each GRS input channel 
has two separate 24-bit ADCs that simultaneously digitize the microphone signal, which is powered by a 
10 mA IEPE source.  The low-range ADC input range is ±0.5 V.  The high range ADC input range is ±10 V. 
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• A windscreen device2 covering the microphone to reduce wind noise [9], and   
• A cable that connects the PCB microphone located in the windscreen to the ADC 

input of the GRS unit. 
The microphone cable is assumed to have no effect on the measurement chain gain since 
the cable lengths will be relatively short so should not attenuate the shaped sonic boom 
signal within the frequency range of interest3.  Cables up to about 1000 feet in length are 
not expected to attenuate the signal3.  The other three hardware components are assumed 
to contribute to variation in the measurement chain gain as summarized above in Table 1. 
 

Loudness level values will be computed from the recorded waveforms using 
automated algorithms running off-board the GRS noise monitors during phase 2 and on-
board them during phase 3.  Two algorithm-based sources of uncertainty are included here 
to account for known computational effects (Table 1, last two sources listed).  These two 
sources are: 1) the jitter that is expected to be introduced when a boom finder algorithm is 
used to locate an X-59 sonic boom in a recorded waveform, and 2) the numerical precision 
that is used when processing the waveform to compute loudness levels.  These algorithm-
based sources are discussed later in Section III.  Neither effect was found to be a significant 
source of measurement error. 
 

An important topic in the discussion of measurement chain uncertainty is how the 
microphone sensitivity will be determined.  The sensitivity value is used to convert from 
units of voltage measured by the ADC to units of pressure, so an error in that conversion 
factor will affect the apparent measurement chain gain.  It is assumed, and recommended 
here, that the sensitivity stored in the transducer electronic datasheet (TEDS) of the 
microphone will be used for that conversion.  This is the method that has been chosen for 
X-59 community tests in phase 3.  That sensitivity is assumed to be from a recent traceable 
calibration that was performed by a calibration “laboratory” while indoors at some ambient 
reference temperature, pressure, and humidity and while using an acoustical calibrator.  
Consequently, weather-based sources of sensitivity variation are expressed here relative to 
an assumed ambient reference condition, so the assumed decibel variations in gain will be 
expressed as both a range and bias.  These reference conditions, the gain range, and the 
gain bias estimates are identified in the next section.  Importantly, the uncertainty in the 
TEDS calibration value is approximated here.  It is expected that the values assumed below 
may be refined once details about actual traceable calibration procedures are known.  

 
2 The windscreen, ground board, and microphone mounting hardware are similar in design to the “COUGAR 
Short” configuration discussed in Ref. [9].  A revised design named “COUGAR Gold” will be used during 
X-59 field tests. 
3 https://www.pcb.com/contentstore/mktgcontent/IMI_Downloads/TipfromTech-DrivingLongCableLengths.pdf,  
accessed November 2024. The shielded twisted pair cable is assumed to be a model 042M39 cable made by 
PCB Piezotronics with linear capacitance of 20 pF/ft, driven by 10 mA from the GRS IEPE current source.  
Assuming a 1 Volt (100 Pa) peak input from a 378M12 microphone (with a 10 mV/Pa sensitivity) gives a 
maximum frequency of 716 kHz for cables that are 100 ft long or 71.6 kHz for cables that are 1000 ft long.  
Cables used during phase 2 are expected to be shorter than 1000 ft.  Cables used during phase 3 are expected 
to be shorter than 100 ft.  Thus, cable lengths are not expected to limit the signal bandwidth since both 
maximum frequency values cited above exceed the maximum GRS Nyquist frequency, which is 51.2 kHz, 
and the upper frequency limit of the 378M12 microphone, which is about 20 kHz. 

https://www.pcb.com/contentstore/mktgcontent/IMI_Downloads/TipfromTech-DrivingLongCableLengths.pdf
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II. INVARIABLE SOURCES OF UNCERTAINTY 
 

The sources of uncertainty whose effects are not expected to change significantly 
with either metric choice or sound level are documented in this section.  The distribution 
type, the range, and the bias in gain assumed for each source are identified in subsections: 

• Microphone calibration (Subsection II.A), 
• Microphone ambient temperature (Subsection II.B), 
• Microphone ambient humidity (Subsection II.C), 
• Microphone ambient (barometric) pressure (Subsection II.D), and 
• GRS ADC gain (Subsection II.E). 

 
Some noise metrics, like Perceived Level (PL), use weighting functions that change 

with sound level.  However, the variations in measurement chain gain caused by these 
sources of uncertainty are a few tenths of a dB or less.  Consequently, the effects of non-
linear weighting functions in metrics like PL are not expected to be significant.  Also, the 
five invariable sources listed above are not expected to result in spectral coloration.  Thus, 
the gain variations caused by these sources are applied equally to all noise metrics and all 
sonic boom loudness levels when combining the different sources of uncertainty. 
 
A. Microphone calibration 
 

The purpose of this subsection is to identify the variation in sensitivity that might 
be observed during calibration of a microphone.  Specifically of interest is the uncertainty 
in the sensitivity value stored in TEDS, which will be determined during a traceable 
calibration by a qualified calibration laboratory during both phase 2 and phase 3.  The intent 
of this subsection is not to identify effects caused by uncertainty sources related to changing 
ambient conditions, like temperature or humidity.  Those ambient weather effects are 
incorporated into the uncertainty model separately and are discussed in the three 
subsections that follow. 
 

To estimate the calibration effect, the outcome of 390 (total) calibrations of a set of 
24 (count) Brüel and Kjær Type 4193 microphones was analyzed to estimate the variation 
expected during microphone calibration (Figure 1).  Generally, a Brüel and Kjær Type 4231 
acoustical calibrator was used when calibrating these Type 4193 microphones.  While the 
GRS units will use a different model of microphone and the calibration of those 
microphones may be performed using a different model calibrator, the calibration dataset 
for the Type 4193 microphones is the best available real-world data for this uncertainty 
source.  The values used for this uncertainty source can be updated in the future as in-situ 
and/or traceable calibration data and procedures for the GRS microphones become 
available.  The distribution that is assumed here for this source of uncertainty is 
documented in Table 2, where a normal distribution is assumed based on visual inspection 
of Figure 1.   
 

Only the standard deviation of the calibration data, 0.22 dB from Figure 1, is used 
to estimate calibration uncertainty effects here.  This observed value is in close agreement 
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with the calibration accuracy of the Type 4231 calibrator, which is ±0.2 dB [10]4, and more 
generally the uncertainty that is expected when using an acoustical calibrator to determine 
sensitivity5.  If traceable calibrations that set the TEDS value use a calibrator with better 
accuracy, then that may reduce the impact of this source.  However, NASA currently does 
not know what calibrator will be used for traceable calibrations.  The standard deviation 
value of 0.22 dB assumed here is expected to be a reasonable, if not conservative, estimate 
since a cursory survey of commercially available acoustical calibrator and pistonphone 
specifications indicates that most calibrators have accuracies of ±0.2 dB or better.  
Importantly, other methods5 could be used to determine the microphone sensitivity during 
a traceable calibration – the reciprocity method, for example.  Most of those other methods 
are expected to have better accuracy5 than when using an acoustical calibrator to determine 
sensitivity.  Thus, the variation assumed here, 0.22 dB (Table 2), should be conservative 
and the calibration component of the total uncertainty summarized later in Sections V.A 
and V.B might slightly overestimate the effect of this source.  The magnitude of the 
overestimate will depend on the actual uncertainty of the calibration method used to 
determine the TEDS sensitivity of the GRS microphones.  The analyses presented later can 
be updated when a better estimate becomes available.  An example of reducing the effects 
of the calibration uncertainty component is included later in Section V.C. 

 
 A 0 dB bias is assumed for this uncertainty source (Table 2), not the –0.177 dB bias 

that is observed in the Type 4193 microphones calibration data (Figure 1).  The observed 
bias of –0.177 dB (Figure 1) likely results from conversion from the open-circuit 
sensitivity, which is stored in the TEDS for the Type 4193 microphones, to the loaded 
sensitivity that is estimated when using a calibrator to calibrate the microphone and the 
preamplifier as an assembly.  The loaded sensitivity accounts for the combined gain of the 
microphone cartridge and preamplifier assembly6.  It is recommended that the loaded 
sensitivity be used for the 378M12 microphones when converting between voltage and 
pressure units, which should result in an unbiased uncertainty for the calibration component 
– a 0 dB bias like shown in Table 2.  If the open-circuit sensitivity is stored in TEDS for 
the 378M12 microphones, then a correction6 to convert between open-circuit sensitivity 
and loaded sensitivity should be applied when converting GRS recordings from voltage to 
pressure units during X-59 field tests.   
 
 
 
    

 
4 The Type 4231 product link in Ref. [10] is provided for documentation purposes only. 
5 See section 6.6 and Table 6.1 in the Brüel and Kjær “Microphone Handbook”, February 1995, found at the 
following website: https://www.bksv.com/media/doc/be1373.pdf.  [Accessed November 2024] 
6 See section 3.2 in the Brüel and Kjær “Microphone Handbook”, February 1995, found at the following 
website: https://www.bksv.com/media/doc/be1373.pdf.  [Accessed November 2024] 

https://www.bksv.com/media/doc/be1373.pdf
https://www.bksv.com/media/doc/be1373.pdf
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Figure 1: In-situ calibration levels relative to original manufacturer’s calibration value for 
390 in-situ calibrations of 24 Brüel and Kjær Type 4193 microphones. 
 
 
 
 
 
 
Table 2: Assumed microphone calibration effects7 on measurement chain gain. 
 

 
  

 
7 The cited “range” value is the standard deviation for normal distributions or the span between the upper and 
lower edges of uniform distributions.  The “bias” value indicates the center of the symmetric distribution for 
both distribution types.  Values are always cited in decibel units. 

Range, dB Bias, dB Dist. Type
0.2200 0.0000 Normal
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B. Microphone ambient temperature 
 

The ambient temperature coefficient, 0.003 dB/°F, was taken from the microphone 
model 378M12 specification sheet revision A dated July 16th, 2021.  That specification 
sheet is currently not publicly available.  A range of temperatures from 35 to 110°F was 
assumed to determine the range and bias of the measurement chain gain, in decibels, that 
might result from changing ambient temperatures during X-59 measurements.  The 
reference temperature is assumed to be 72°F.  The distribution shape assumed in models 
here is uniform for the effects of ambient temperature on measurement chain gain.  The 
assumed uniform distribution has the gain range and bias indicated at the right side in the 
table below. 
 
Table 3: Assumed ambient temperature effects7 on measurement chain gain. 
 

 
 
 
C. Microphone ambient humidity 
 

The ambient humidity coefficient, 0.002 dB/%RH, was taken from the microphone 
model 378M12 specification sheet (non-public) revision A dated July 16th, 2021.  A range 
of humidities from 10 to 95 %RH was assumed to determine the range and bias of the 
measurement chain gain, in decibels, that might result from changing ambient humidity 
during X-59 measurements.  The reference humidity is assumed to be 55%RH.  The 
distribution shape assumed in models here is uniform for the effects of ambient humidity 
on measurement chain gain.  The assumed uniform distribution has the gain range and bias 
indicated at the right side in the table below. 
 
Table 4: Assumed ambient humidity effects7 on measurement chain gain. 
 

 
  

dB/F 0.003

Min Ref Max
35 72 110 degree F Range, dB Bias, dB Dist. Type

-0.111 0 0.114 dB gain 0.2250 0.0015 Uniform

Temperature

dB/%RH 0.002

Min Ref Max
10 55 95 % RH Range, dB Bias, dB Dist. Type

-0.090 0.000 0.080 dB gain 0.1700 -0.0050 Uniform

Relative humidity
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D. Microphone ambient (barometric) pressure 
 

The barometric pressure coefficient, –0.007 dB/kPa, was taken from the 
microphone model 378M12 specification sheet (non-public) revision A dated July 16th, 
2021.  A range of barometric pressures from 24 to 31 inHg was assumed to determine the 
range and bias of the measurement chain gain, in decibels, that might result from changing 
barometric pressure during X-59 measurements.  The 24 inHg value is the floor of the 
minimum pressure, in units of inches Hg, observed in Denver, CO during October 2024 
[11] and the larger value is the ceiling of the maximum pressure near costal Hampton, VA 
in the same month [12].  The floor and ceiling values were used to provide a more 
conservative range estimate.  The reference pressure is assumed to be 30 inHg, which 
roughly corresponds to sea level pressure.  The distribution shape assumed in models here 
is uniform for the effects of pressure on measurement chain gain.  The assumed uniform 
distribution has the gain range and bias indicated at the right side in the table below. 
 
Table 5: Assumed ambient (barometric) pressure effects7 on measurement chain gain. 
 

 
 
E. GRS ADC gain 
 

The tolerance in GRS ADC gain, ±1%, was taken from the GRS hardware 
specification sheet version 0.93 (non-public) dated May 28th, 2022.  This corresponds to a 
range in voltage from 0.99 to 1.01 V for a 1 V reference input, which was used to determine 
the range and bias, in decibels, that might result from changing ADC gain.  Assuming a 
different reference voltage, 10 V or 0.1 V for example, would yield the same decibel range 
and bias since those values are computed as a percentage of the reference.  The distribution 
shape assumed in models here is uniform.  The assumed uniform distribution has the gain 
range and bias indicated at the right side in the table below. 
 
Table 6: Assumed GRS ADC gain uncertainty effects7 on measurement chain gain. 
 

 
  

dB/kPa -0.007

Min Ref Max
24 30 31 inHg

81.27 101.59 104.98 kPa Range, dB Bias, dB Dist. Type
0.1422 0 -0.0237 dB gain 0.1659 0.0593 Uniform

Pressure

Error, % 1
Actual, V 1

Min Ref Max
0.990 1.000 1.010 Voltage Range, dB Bias, dB Dist. Type

-0.0873 0 0.086427 dB gain 0.1737 -0.0004 Uniform

ADC Gain
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III. VARIABLE SOURCES OF UNCERTAINTY 
 

The variable sources of uncertainty are expected to cause spectral coloration of the 
measured data.  Thus, these sources cannot be modeled by a simple gain applied to the 
measured waveform or the loudness levels computed from them.  Consequently, mock 
acoustic recordings were used to estimate the effects, which vary with metric type and/or 
level, caused by the last five sources of uncertainty listed in Table 1: 

• Background noise (Subsection III.A), 
• GRS ADC sample rate (Subsection III.B), 
• Windscreen insertion loss and sonic boom elevation angle (Subsection III.C), 
• Boom finder induced window position jitter (Subsection III.D), and 
• Metric software numeric precision (Subsection III.E). 

The mock acoustic recordings are assembled using the same methods and data discussed 
in Ref. [1].   Specifically, waveform “case A” and “case B” from Ref. [1] are used here.  
These two cases mix predicted sonic boom waveforms that are turbulized using filters from 
Ref. [13] with both background noise that was recorded during the NASA QSF18 test [14] 
and scaled post boom noise8 that was recorded during the NASA SonicBAT test [13].  The 
details of how the mock recordings are constructed are left to Ref. [1] for brevity.  The 
mock acoustic recordings are then manipulated in software to simulate the effect on 
loudness level that is expected from each source listed above.  All mock recordings are 
synthesized at a sample rate of 24,000 Hz.  Results found using this sample rate are 
expected to be similar to those of other sample rates like the 51,200 Hz rate that will be 
used during X-59 testing.  Some implications of using the background noise from the 
QSF18 test are discussed later in Section VI.A.   
 

Importantly, mock recordings are advantageous because the true loudness levels are 
computable since the mock recordings are built by superimposing different data sources, 
where the loudness levels of the constituent audio waveforms are known.  However, what 
is assumed to be the “true” loudness level differs for each of the five sources of uncertainty 
listed above since we wish to separate uncertainty caused by background noise from 
uncertainty caused by sample rate variation, windscreen effects, etc.  The assumed true 
level that is used as a reference and the observed uncertainty for each source is discussed 
in the next five subsections below.  The eight noise metric types considered here are 
summarized in Table 7. 
 
 The distribution of observed measurement errors, in decibels, is found for each 
simulated source of uncertainty, metric type, and/or level.  One of two distribution types – 
either normal or uniform – are fit to the data to estimate the mean bias and the range so 
these effects can be combined with the invariable effects documented in Section II.  A 
uniform distribution was used in some cases since that type seemed, visually, to fit the data 
better than a normal distribution.  A quantitative evaluation of which distribution type best 
fit the observed measurement error was not performed, only visual inspection was used.  
The range value that is documented corresponds to the standard deviation when a normal 

 
8 Post boom noise is long-duration, low-frequency oscillations that are observed in measured waveforms, 
are produced by the aircraft, but are not well modeled by the turbulence filters used in the present study.  
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distribution is assumed.  For uniform distributions, the range indicates the span between 
the upper and lower edges of the distribution.  The mean bias indicates the center of the 
distribution in both cases. 
 
Table 7: Noise metric types considered here. 
 
Noise metric name Acronym Units 
Perceived level [15, 16, 17] PL decibels 
Indoor sonic boom annoyance predictor [18] ISBAP decibels 
A-weighted sound exposure level [19, 20] ASEL decibels 
B-weighted sound exposure level [19, 20] BSEL decibels 
C-weighted sound exposure level [19, 20] CSEL decibels 
D-weighted sound exposure level [19, 20] DSEL decibels 
E-weighted sound exposure level [19, 20] ESEL decibels 
Z-weighted sound exposure level [19, 20] ZSEL decibels 

 
 

The X-59 sonic boom waveforms that are used to create the mock recordings are 
taken from two prediction-based datasets using the C612A nearfield: an on-design (quiet) 
and an off-design (loud) set of sonic boom waveforms.  The term “on-design” refers to a 
computer-based simulation case where the X-59 is cruising, virtually, at optimal conditions 
– e.g., trim, speed, and altitude.  These optimal conditions correspond to settings where the 
aircraft was designed to produce a quiet, shaped sonic boom at ground level.  The term 
“off-design” refers to a simulation case where the cruise conditions are non-optimal, so a 
louder boom is expected.  Both on- and off-design booms are desirable and will be 
purposely produced by the X-59 aircraft during phase 3 community tests so the range in 
dose values is sufficiently large to educe a psychoacoustic model from the dose-response 
dataset.   
 

The on- and off-design waveforms used here are predicted waveforms from a 
country-wide study of X-59 exposure, in which the effects of variable weather on these 
sonic boom signals were studied [21, 22].  The sets of boom waveforms used here are 
random subsets of 10,000 on-design and 10,000 off-design waveforms with varying 
loudness levels.  Using a range from quiet to loud waveforms to create the mock recordings 
will help identify how empirical uncertainty is expected to vary over a broad range of sonic 
boom loudness levels.  It also enables study of how boom type might affect the expected 
measurement uncertainty, where on-design booms might have more uncertainty than off-
design booms since the signal-to-noise ratio (SNR) might be lower.  Importantly, in cases 
documented below where more than 10,000 mock recordings were created to evaluate the 
effects of a source, the random sample of boom waveforms was drawn from the subset of 
10,000 while allowing repeats.  Since the randomly paired booms and background noise 
waveforms have varying levels, the signal-to-noise ratio is expected to vary widely across 
the different mock recordings, like it would in the real world. 
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NASA’s metrics code NOM9 was used to compute the loudness levels of all mock 
recordings here while correcting for background noise contamination using the “Custom 
F” method applied to the spectrum of the waveform [1].  The Custom F method was found 
in [1] to mitigate the effects of background noise in mock X-59 acoustic recordings.  For 
brevity, a discussion of that correction method is left to Ref. [1].  Here, the corrected 
loudness levels of the mock acoustic recordings, and the error relative to the true levels, 
are used as a surrogate for the behavior of loudness levels that might be calculated from 
in-field noise monitor recordings.  Similar studies of measurement error that use in-field 
recordings instead of mock recordings are not possible since the true loudness levels are 
unknowable for real measurements.  Future uncertainty quantification studies should also 
use mock recordings, though maybe while using more representative data sources. 
 
A. Background noise 
 

Background noise effects were estimated using three sets of mock recordings.  The 
first set was “case A” from Ref. [1] that contained randomly chosen on-design (quiet) X-59 
booms that were mixed with a randomly chosen background noise snippet recorded during 
the QSF18 test.  The second set was “case B” [1] that contained randomly chosen off-
design (loud) X-59 booms mixed with randomly chosen background noise snippets from 
the QSF18 test.  The third set was a contrived modification of “case A” [1], designed to 
better estimate uncertainty when SNR is low.  Specifically, loudness levels were used as 
constraints when choosing the subsets of waveforms from which the mock recordings were 
assembled.  In this third case, on-design X-59 booms were randomly chosen from the 
subset of booms with loudness levels less than 75 dB PL.  These boom waveforms were 
then mixed with a randomly chosen background noise snippet from the subset of QSF18 
data that had a loudness level of greater than 70 dB PL.  This helped ensure the uncorrected 
SNR was low, typically less than 10 dB.  For all three sets, the boom waveforms were 
modified using SonicBAT turbulence filters and mixed with randomly chosen post boom 
noise snippets prior to combining them with the background noise snippet.   
 

Including the third case above improved the convergence of the measurement error 
estimates for low SNR values.  Importantly, this third case is only included when 
computing and displaying measurement error results in this report.  The third case is not 
included later when presenting loudness level distributions since this contrived case would 
overestimate the proportion of booms with low SNR if it were included.  Sets 1, 2, and 3 
had 14,400 mock recordings each, so a total of 43,200 mock recordings were used to 
estimate the measurement error caused by background noise.  Loudness level distributions 
displayed later will be limited to sets 1 and 2 with 14,400 mock recordings each. 
 

The loudness level error was computed for each mock recording relative to a truth 
value that was found when no background noise was mixed with the boom waveform.  Also 
computed was the corrected SNR, which is an optional output of NASA’s metrics code 

 
9 NASA’s current sonic boom metrics software Narrow-band Octave-band Metrics, NOM, is released publicly 
as MATLAB® source code.  The software can be located by searching for the software case number, LAR-
20093-1, at the NASA online software catalog website: https://software.nasa.gov/search.  Distribution 
restrictions may apply. 

https://software.nasa.gov/search
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NOM9 that accounts for the effects on SNR of correcting for background noise 
contamination using the methods in Ref. [1].  The corrected SNR is computed for the mock 
recording that includes background noise and can be computed for real recordings.  The 
method to calculate the corrected SNR is documented in Appendix 1 below.  This measure 
of SNR is a natural choice for independent variable since it is expected that uncertainty in 
loudness level should decrease with increasing SNR.   
 

The measurement error statistical moments, the mean and standard deviation, were 
found by binning the observed errors using 2 dB wide bins of corrected SNR.  Bin edges 
were aligned so one bin edge would fall at 0 dB SNR.  The mean and standard deviation 
were only computed for bins that had more than 50 observations falling within them.  For 
the mock recordings used here, generally only bins with a corrected SNR value greater than 
about 2 dB and less than about 44 dB had more than 50 observations fall within them, 
where the actual limiting bin decibel values depended on noise metric type.  Bins falling 
below or above these limiting bins – e.g., when corrected SNR is less than 2 dB or 
corrected SNR is greater than 44 dB – were assigned the mean and standard deviation of 
the limiting bins.  
 

The measurement error caused by background noise contaminating the mock 
measured signal is summarized in Figure 2 below for eight noise metrics.  These data are 
for the case when a correction for background noise contamination is used – “Custom F” 
applied to the spectrum [1].  A separate subplot is provided for each metric type, where the 
mean bias and interval of the measurement error is plotted versus the corrected SNR of the 
mock measurements.  The true level in this case is computed using the turbulized X-59 
boom waveform mixed with post boom noise but not mixed with background noise, where 
the true value equals 0 dB along the ordinate for all SNR values along the abscissa.  Text 
annotations are included along the ordinate to indicate when the loudness levels of the 
mock measurements are expected to overestimate versus underestimate the true level.  As 
mentioned in the paragraph above, the plots in Figure 2 were created by binning the 
observed loudness level errors into 2 dB wide bins of corrected SNR.  For example, many 
of the mock acoustic recordings will have a corrected SNR falling between +6 and +8 dB, 
depending on the level of both background noise and boom.  Importantly, the measurement 
error values are assumed to be normally distributed along the ordinate within each bin 
along the abscissa.  Thus, the red line indicates the mean value of the observations that fall 
within each bin and the green lines indicate the interval of ±1 standard deviation from the 
mean for those observations.  Roughly 68.3% of the observations in each bin would fall 
within the confidence interval (CI) represented by the lower and upper green dashed lines.  
Other confidence intervals could be created by scaling the standard deviation when plotting 
the green lines.  These mean and standard deviation data will be combined with the other 
uncertainty sources to compute the total measurement error in later sections. 
 
 It is useful to characterize how the corrected SNR behaves across all the mock X-59 
acoustic recordings.  Consequently, the distribution of corrected SNR that was observed 
within the on- and off-design datasets is plotted as separate box plots in Figure 3 for all 
eight metric types.  Importantly, the contrived set of mock recordings discussed in the first 
paragraph of this subsection is excluded from Figure 3.  A separate subplot is provided for 
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each metric type, wherein there is a separate box plot for each boom type: on- and off-
design.  The legend indicates the percentiles corresponding to each box plot feature.  These 
box plots give a visual indication of how the SNR likelihood changes with both boom type 
and metric type.  They are useful when interpreting the uncertainty data shown in Figure 2 
since the box plots provide a visual indication of the likelihood of observing an SNR value.  
SNR likelihood can be related to the background noise uncertainty likelihood using both 
Figure 2 and Figure 3.  For example, a corrected SNR value of about +9 dB PL corresponds 
to the 5th percentile of on-design X-59 booms (Figure 3, upper-left-most box plot, left-most 
black whisker).  Similarly, a corrected SNR value of about +17 dB PL corresponds to the 
median on-design corrected SNR (Figure 3, upper-left-most box plot, red bar).  These two 
features are highlighted by purple arrows in Figure 3 (upper-left subplot).  The expected 
measurement error for the 5th percentile and median SNR cases can be inferred using the 
upper left plot in Figure 2 – the purple arrow annotations placed at +9 and +17 dB in that 
subplot.  The mean bias at these two percentiles is very close in level (Figure 2, red line, 
comparing the two arrow-annotated bins) but the confidence interval is much larger for the 
5th percentile case than the median case (Figure 2, green lines, comparing the two arrow-
annotated bins).  These box plots will be shown again when illustrating the combined effect 
of all uncertainty sources later in Sections V.A and V.B. 
 

Using SNR for the independent variable is a better measure of uncertainty than if 
loudness level were used since a high loudness level does not necessarily imply a small 
uncertainty for the background noise component.  For example, combining a loud sonic 
boom with loud background noise may still result in large uncertainty in the loudness level 
of the measured boom.  Thus, an estimate of the SNR of the measurement is the preferred 
independent variable.  The corrected SNR is used here because it accounts for the effects 
of correcting for background noise contamination when computing the loudness level of a 
measurement.  That correction reduces the impact of the background noise on the computed 
loudness level value, effectively increasing the SNR compared to the case where no 
correction for background noise contamination was made.  Using the corrected SNR 
instead of the SNR computed prior to correcting for background noise is highly 
recommended during X-59 field tests. 
 

For information purposes, three bivariate histograms are plotted in Figure 4 for 
Perceived Level.  The loudness levels and corrected SNR values are plotted along the 
ordinate and abscissa, respectively, for waveform “case C” and “case D” from Ref. [1], the 
distributions of which are nearly identical to those of waveform “case A” and “case B” for 
which the measurement error was shown previously.  Color indicates the number of 
observations lying within each two dimensional bin.  A separate subplot is provided for: 

• The set of off-design mock acoustic recordings (Figure 4a),  
• The set of on-design mock acoustic recordings (Figure 4b), and  
• The combined on- and off-design dataset (Figure 4c),   

where the third, contrived set of mock recordings discussed in the first paragraph of this 
subsection is excluded from Figure 4.  A trend where loudness level increases with 
increased SNR is identifiable in Figure 4c.  However, these variables are only moderately 
correlated (R2 of 0.3 to 0.75).  For example, when a best fit line is fit to the combined on- 
and off-design dataset – the raw observations underlying subplot 4c – the coefficient of 
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determination, R2, is 0.539.  The spread in observations visible in the Figure 4c histogram 
is the cause of this moderate correlation.  Plots similar to Figure 4 are included in 
Appendix 1 for all eight noise metrics.  The coefficients of determination for linear fits to 
the combined on- and off-design datasets (the “c” subplots in Appendix 1) are tabulated in 
Table 8 for all eight metrics.  Because the correlation between loudness level and corrected 
SNR is weak (R2 < 0.3) or moderate (from 0.3 to 0.75) for all eight metrics (e.g., Table 8), 
assignment of uncertainty using loudness level only is not recommended.  For example, 
we should not assume that a loudness level of 75 dB PL that is computed from an in-field 
audio recording should have a well-defined uncertainty.  Instead, it is recommended that 
the corrected SNR be computed for the empirical dataset and then uncertainty determined 
via lookup table using that corrected SNR value.  This lookup process will be documented 
later in Section V, where the uncertainty of all sources once combined is presented. 
 
 Returning to the assumption of normality for the binned measurement errors (e.g., 
Figure 2), example histograms of the measurement errors are shown in Figure 5 for one 
bin of each of the eight noise metric types.  Indicated in each legend are the metric type, 
the number of observations in the histogram, and the corrected SNR bin limits 
corresponding to the observations shown in the histogram.  The bin identified was the 
lowest bin that has more than 2,000 observations falling within it for the data summarized 
in Figure 2.  Importantly, the measurement error observations in Figure 5 were pooled 
across five repeat analyses while using a different random seed each time.  Thus, there is 
about five times more data reported in each histogram in Figure 5 than in the corresponding 
bin in Figure 2.  Repeating the analyses and pooling the estimated measurement error 
improved the smoothness of the histograms presented in Figure 5.  However, the mean and 
interval estimates shown in Figure 2 do not change much with the increase in observation 
data, so only the first realization was used to estimate the mean and standard deviation 
values summarized in Figure 2.  Also, the measurement errors for the on-design mock 
recordings only are included in Figure 5.  The off-design waveforms were excluded while 
creating that figure for simplicity. 
 

A normal distribution is fit to the observations in Figure 5 and displayed as the red 
line.  Notably, the ranges on the abscissa and ordinate vary when comparing the different 
subplots of Figure 5.  The scales are purposely different so readers can visualize differences 
between the fit (red curve) and the observations (blue bars).  For example, the quality of 
the fit for CSEL would be difficult to visualize if plotted using the same abscissa range as 
PL.  Based on visual inspection, a normal distribution is a reasonable fit to the observations 
(Figure 5).  Some distributions do exhibit slight skewness, but the skewness magnitudes 
tend to be somewhat small compared to the standard deviations (widths) of the histograms.  
Thus, the properties of the normal distribution fits are believed to be reasonably 
representative of the observed distributions and the skewness is ignored here when 
combining the measurement error caused by background noise with the other sources of 
uncertainty. 
 

The MATLAB® script named BackgroundNoiseEffects_rev8.m was used to create 
the data that appear in Figure 2.  The script name is identified for documentation purposes 
only.  It is not available for public distribution.  
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Figure 2: Summary of simulated background noise measurement error versus metric type 
and corrected signal to noise ratio, where both the mean bias and 68.3% confidence interval 
are plotted, and where the purple arrows in the upper left subplot highlight the expected 
measurement error for the 5th percentile and median on-design X-59 mock sonic boom 
recordings (see also Figure 3). 
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Figure 3:  Summary of corrected SNR values observed in the on-design and off-design 
X-59 mock acoustic waveform datasets for the eight metrics identified in the subplot titles, 
where the purple arrows in the upper left subplot highlight the expected measurement error 
for the 5th percentile and median on-design X-59 mock sonic boom recordings. 
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Figure 4: Bivariate histograms of Perceived Level versus corrected SNR, where the 
waveform case is indicated in the subplot title and bin counts are indicated by color as 
shown in the color bars. 
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Table 8: Coefficient of determination for linear fit of loudness level versus corrected SNR 
for each of eight noise metrics (source data found in Appendix 1). 
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Figure 5: Example histograms of on-design measurement errors falling within in the 2 dB 
wide corrected SNR bin identified in legend; where the metric type, the number of 
observations, and the corrected SNR bin limits are identified in the legend along with the 
plot features. 
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B. GRS ADC sample rate 
 

The sample rate effects were found by computing the loudness levels of mock 
acoustic recordings while perturbing the sample rate used for the signal processing steps 
by up to ±50 ppm (parts-per-million).  That magnitude, ±50 ppm, was informed by the 
GRS hardware specifications version 0.93 dated May 28th, 2022.  A uniform distribution 
between those limits is assumed.   
 

To evaluate the effects of sample rate variation, 2,800 on-design and 2,800 off-
design mock recordings were assembled.  For each mock waveform and each of the eight 
metric types, two loudness levels are computed: one when using the proper sample rate and 
a second when using a sample rate perturbed by a random value chosen from the 
distribution cited above.  The true levels in this case are from the analysis of the waveforms 
without the sample rate perturbations.  That computation was repeated 400 times for each 
of the 5,600 mock recording while choosing a new random sample rate perturbation each 
time, giving a total of 2,800×2×400 = 2,240,000 perturbed mock recordings in the dataset.  
The mock recording waveforms used to compute both the perturbed loudness levels and 
the true loudness levels contained all four mock effects: sonic boom, turbulence effects, 
post boom noise, and background noise.  The “Custom F” method [1] was used to correct 
for background noise contamination of all waveforms since we want to identify the effects 
of sample rate variation while processing the data like it will be processed during X-59 
field tests.  The metric-specific loudness level error, in decibels, is found by pairwise 
differencing the loudness levels computed with perturbations of sample rate and loudness 
levels found with no perturbations.   
 

Sample rate effects are documented in Figure 6 and Table 9.  The observed 
measurement error bias and standard deviation are documented in that figure and table, 
while assuming the measurement error is normally distributed.  Results are shown for both 
the on- and the off-design waveform cases in Figure 6, and the average of those two cases 
is included in both the figure and the table.  The expected loudness level error caused by 
±50 ppm variation in sample rate is very small, where the observed standard deviation was 
0.001 dB or less and depended on the metric type (Figure 6).  Consequently, this source is 
unlikely to contribute significantly to the total uncertainty as compared to background 
noise effects discussed in the previous subsection and the invariable effects discussed 
earlier in Section II.  
 

The sample rate error is applied as a ratio relative to the proper sample rate when 
computing the perturbed loudness levels.  For example, a +17-ppm error is applied by 
scaling the sample rate, Fs, by a factor of (1 + 17÷1E+6) = 1.000017.  Because the error is 
applied as a ratio, the effect does not depend on the chosen sample rate, Fs.  The 
measurement error magnitudes, in decibels, that are found when analyzing mock 
recordings synthesized at a sample rate of 24,000 Hz will be the same as when analyzing 
similar mock recordings sampled at a rate of 51,200 Hz.  Thus, the values presented here 
apply to all sample rates.  A sample rate of 51,200 Hz is recommended for use during X-59 
field tests so the spectra of both the sonic boom and the acoustical ambient can be 
accurately quantified. 
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The MATLAB® script named SampleRateEffects_rev8.m was used to create the 

data that appear in Figure 6 and Table 9.  The script name is identified for documentation 
purposes only.  It is not available for public distribution. 
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Figure 6:  Assumed sample rate uncertainty effects versus metric type, where both the 
standard deviation and the mean bias of the measurement error are plotted. 
 
 
Table 9:  Summary of mean bias and standard deviation7 for sample rate effects on 
measurement error versus noise metric type (effect does not vary with level). 
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C. Windscreen insertion loss and sonic boom elevation angle 
 

The effects of windscreen insertion loss and the boom elevation angle are informed 
by insertion loss measurements (Figure 7) of the COUGAR Gold windscreen2, which were 
provided by BYU (Ref. [23], pending publication).  These data are given at 5° increments 
for a range of elevation angles spanning from near grazing, 5°, to normal to the ground 
plane, 90°.  Methods like those documented in Ref. [24] were used to generate these 
insertion loss estimates but while using the COUGAR Gold design instead of the designs 
from Ref. [24].  Importantly, the insertion loss data were only provided in the frequency 
range from 50 to 20,000 Hz (Figure 7).  Consequently, the insertion loss values at 
frequencies less than 50 Hz were assumed to be zero for all elevation angles – the 
windscreens are assumed to be transparent at very low frequencies where unweighted sonic 
boom noise is high in level.  The main effect of the windscreen on the measured signal is 
a spectral coloration from absorption and scattering effects that manifest as high frequency 
attenuation, as implied by the positive valued insertion loss data (Figure 7). 
 

Two thousand eight hundred on-design and 2,800 off-design mock acoustic 
recordings were processed to estimate the insertion loss and elevation angle effects.  For 
each mock recording, a random elevation angle was chosen assuming a uniform 
distribution ranging from 20° to 70° in 5° increments like the measured data.  That limited 
range was used since X-59 booms are, generally, not expected to be near grazing or normal 
incidence when measured by the GRS noise monitors deployed for X-59 tests.  For each 
mock recording, the insertion loss data corresponding to the chosen angle (e.g., a curve 
from Figure 7) was used to perturb the one-third-octave band spectrum of the waveform 
prior to computing loudness levels.  These perturbations of the one-third-octave band 
spectrum approximate the spectral coloration that would be expected from covering the 
microphones with windscreens during the field tests.  That process was repeated 100 times 
for each of the 5,600 mock recording while randomly choosing a new insertion loss curve 
each time, giving a total of 2,800×2×100 = 560,000 perturbed mock recordings in the 
dataset.  To compute the measurement error, the loudness levels computed with spectral 
perturbations were differenced pairwise with the loudness levels found without the 
perturbations.  In this case the true levels are from the waveforms without spectral 
perturbations caused by insertion loss effects.  The mock recording waveforms used to 
compute both the perturbed loudness levels and the true loudness levels contained all four 
mock effects: sonic boom, turbulence effects, post boom noise, and background noise.  The 
spectral perturbation was applied equally to all included mock effects.  The “Custom F” 
method [1] was used to correct for background noise contamination of all waveforms. 
 

The combined effects of windscreen insertion loss and elevation angle are 
documented in Figure 8 and Table 10.  The observed measurement error mean bias and 
standard deviation are given while assuming the errors are normally distributed.  The 
expected error caused by both insertion loss and variation in elevation angle is modest, 
where the observed standard deviation was less than 0.1 dB for all metric types (Figure 8).  
Consequently, this source is expected to contribute only slightly to the total uncertainty as 
compared to background noise effects discussed in the previous subsection and the 
invariable effects discussed in Section II. 
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The MATLAB® script named WindscreenInsertionLossEffects_rev8.m was used to 

create the data that appear in Figure 8 and Table 10.  The script name is identified for 
documentation purposes only.  It is not available for public distribution. 
 
 
 
 
 

 
 
Figure 7: Insertion loss versus frequency and elevation angle, where solid lines indicate the 
subset of angles that were used to estimate windscreen effects (data source: Ref [23]). 
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Figure 8:  Assumed windscreen insertion loss and elevation angle uncertainty effects versus 
metric type, where both the standard deviation and the mean bias of the measurement error 
are plotted. 
 
 
Table 10:  Summary of mean bias and standard deviation7 for windscreen effects on 
measurement error versus noise metric type (effect does not vary with level). 
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D. Boom finder induced window position jitter 
 

Many acoustic recordings will be processed during X-59 field testing to compute 
loudness level values.  One step in that signal processing path is to apply a taper window 
to the measured waveform prior to computing the sound pressure level spectrum, which is 
a precursor of the loudness levels.  This step requires that the taper window be aligned 
properly with the sonic boom waveform to ensure the boom waveform will fall within the 
pass-portion of the window – the portion of the window function containing only unity 
values.  The windowing function will be like the one discussed in Ref. [1]. 
 

The volume of data that will be processed and the need for timely results will 
necessitate use of computer-based algorithms to locate X-59 sonic boom waveforms within 
the recording files [25].  The locations provided by the boom-finder algorithm will 
introduce jitter error into the automated positioning of the window function.  For example, 
the boom finder is not expected to determine the boom location exactly since things like 
background noise and turbulence effects will affect the algorithm accuracy.  This jitter will 
materialize as a small, random time shift in the window position relative to the position if 
the boom location were known exactly.  Consequently, this variation in the alignment of 
the window function will cause slight variations in the metric values relative to true metric 
values that would be computed if the exact boom locations were knowable.  Importantly, 
small differences in the metric values are expected even if the sonic booms are always 
placed within the pass-portion of the window function since the windowed signals will also 
include background noise and post-boom noise effects, the level of which would be 
affected by this small-scale jitter.  This is a source of uncertainty in the computed metric 
values that is expected to vary with both metric type and level. 
 

Twenty-four thousand mock acoustic recordings, which included an equal number 
of on- and off-design X-59 booms, were processed to estimate the effects of window jitter.  
The true locations of the sonic boom waveforms and the true metric values of the mock 
acoustic recordings are known since the waveforms are assembled within these computer-
based simulations.  To estimate the measurement error due to window jitter, these true 
metric values were compared to the metric values computed when the window function 
was randomly shifted in time.  The random jitter was drawn from a normal distribution 
with standard deviation of 25 msec and zero mean, which was rounded to a whole number 
of discrete-time samples to shift the taper window.  That standard deviation is slightly larger 
than the expected accuracy of the boom finder algorithms that will be used during X-59 
testing [25], so the results should provide a somewhat conservative estimate of the effects 
of jitter.  The waveforms used to compute both the jittered and true loudness levels 
contained all four mock effects: a sonic boom, turbulence effects, post boom noise, and 
background noise.  The “Custom F” method [1] was used to correct for background noise 
contamination of all waveforms.   
 
 The results of this study are summarized in Figure 9.  The observed measurement 
error varies with both level and metric type, where signals with lower values of corrected 
SNR exhibit more error.  Importantly, the distribution discussed above from which the jitter 
was chosen did not change with either SNR or the loudness level of the boom. The jitter 
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was always chosen from a normal distribution with standard deviation of 25 msec and zero 
mean.  This may not be the case when processing real data since waveforms with high SNR 
or louder booms may be easier to locate algorithmically than quiet booms embedded in 
noisy recordings.  However, the boom finder algorithms have not been finalized and 
delivered to NASA, so exercising them on these mock recordings is not currently practical.  
The observed effect of this source of variation is expected to be quite small (Figure 9) in 
comparison to many of the effects discussed in earlier sections, like background noise.  
Thus, this effect when combined with the other sources of uncertainty is not expected to 
contribute significantly to the total uncertainty of a loudness level computed from a 
recorded waveform.  Consequently, the current simulations are believed to be sufficient for 
this report. 
 

The MATLAB® script named BoomFinderJitterEffects_rev8.m was used to create 
the data that appear in Figure 9.  The script name is identified for documentation purposes 
only.  It is not available for public distribution. 
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Figure 9: Summary of simulated window jitter related measurement error versus metric 
type and corrected signal to noise ratio, where both the standard deviation and the mean 
bias of the error are plotted. 
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E. Metric software numeric precision 
 

The post-processing software that is used to compute loudness levels of recorded 
waveforms may introduce uncertainty due to numerical precision.  For example, analysts 
may use single precision arrays and constants – instead of double precision data – to 
increase the computational speed and to reduce the memory used to processing large 
numbers of recorded waveforms.  Hardware limitations may also force use of single 
precision data. 
 

The expected error was quantified when using single precision versus double 
precision to compute loudness levels of 16,000 mock acoustic recordings, which included 
both on- and off-design X-59 sonic booms.  The metric values computed when using 
double precision are assumed to be the true values.  To estimate the effects of reduced 
precision, these true values were differenced with metric values found when using single 
precision for the computations.  The waveforms used to compute both the single and double 
precision loudness levels contained all four mock effects: a sonic boom, turbulence effects, 
post boom noise, and background noise.  The “Custom F” method [1] was used to correct 
for background noise contamination of all waveforms.  The results are shown in Table 11.   

 
These effects are significantly smaller when compared to the other effects discussed 

in earlier sections.  For example, the measurement error standard deviation due to this effect 
is at most 0.00027 dB.  Thus, this effect is assumed to be insignificant and will not be 
combined with the other effects when computing the total uncertainty to avoid unnecessary 
clutter when summarizing the total uncertainty in figures and tables.  Of the other nine 
sources of uncertainty, the GRS sample rate uncertainty is closest in magnitude to this 
numerical precision effect (e.g., see Section III.B and Table 9 versus Table 11).  Thus, the 
results for GRS sample rate presented in Sections V.A and V.B are representative of the 
results that would be expected if precision effects were also included.  Importantly, sample 
rate effects were not found to be significant later in Section V.B, which motivated the 
exclusion of the precision effects when combining the different uncertainty sources. 
 

The MATLAB® script named PrecisionEffects_rev8.m was used to create the data 
that appear in Figure 9.  The script name is identified for documentation purposes only.  It 
is not available for public distribution. 
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Table 11: Summary of mean bias and standard deviation7 for numerical precision effects 
on measurement error versus noise metric type (effect does not vary with level). 
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IV. METHODS USED TO COMBINE THE SOURCES OF UNCERTAINTY 
 

A computer-based Monte Carlo approach was used to combine the different sources 
of uncertainty.  A random perturbation of the measurement chain gain was drawn for each 
source of uncertainty using the assumed distribution types, the ranges, and the biases 
documented in Sections II.A to II.E and III.A to III.D.  Each set of random gains was then 
summed across the different sources of uncertainty to determine the combined 
measurement chain gain across all sources.  This process was repeated 3,000,000 times.  
Then, the variation of total gain across these realizations was studied to determine the 
statistical behavior of the measurement error when all sources of uncertainty are combined.   

 
For example, the MATLAB® commands below would be used here to estimate the 

combined measurement error for three notional sources of uncertainty with the following 
distributions: 1) a normal distribution with mean +0.05 dB and standard deviation 0.2 dB, 
2) a uniform distribution having a mean of +0.02 dB and range of 0.1 dB, and 3) a normal 
distribution with mean +0.00 dB and standard deviation 0.03 dB: 
 

Ntot = 3e6; 
dBRange1 = 0.2; 
dBRange2 = 0.1; 
dBRange3 = 0.03; 
dBBias1 = +0.05; 
dBBias2 = +0.02; 
dBBias3 = +0.00; 
Observations(:,1) = randn(Ntot,1)*dBRange1 + dBBias1; 
Observations(:,2) = (rand(Ntot,1)-0.5)*dBRange2 + dBBias2; 
Observations(:,3) = randn(Ntot,1)*dBRange3 + dBBias3; 
CombinedObservations = sum(Observations,2); 
CombinedMean = mean(CombinedObservations); 
CombinedStDev = std(CombinedObservations); 

 
Similar approaches are used to combine the nine sources discussed earlier, noting that some 
distributions may vary with metric or level and others may not.  For the variable sources 
of uncertainty, the range and bias values are averaged across the on-design and off-design 
waveform cases (e.g., Figures 6 and 8, red circles) before combining them with the other 
sources of uncertainty.  Furthermore, for the case where the effect of a variable source was 
binned (e.g., Figure 2), the number of off-design and on-design waveforms that fell within 
each bin was used to compute a weighted average across those two waveform cases.  The 
resulting weighted average of bias and range in the data are plotted in Figures 2 and 9, 
which were used when combining those background noise effects with the other seven 
sources of uncertainty.  The background noise effects and window jitter effects are a 
function of both corrected SNR and noise metric type, so the Monte Carlo simulations are 
performed for each metric type and level.  Thus, the combined effect of all sources of 
uncertainty will also be a function of metric and SNR. 
 

Because the distributions that are identified in Sections II and III include both 
uniform and normal distributions, readers may wonder how the combined gain error is 
expected to behave.  An intermediate result is shown in Figure 10 to highlight the expected 
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behavior, where the total combined gain error of only the five invariable sources is 
displayed as a histogram.  Importantly, that intermediate result does not include the variable 
sources of uncertainty identified in Section III.  Consequently, the properties of the 
distribution are not identified since they have no practical use.  Of the five sources included 
in Figure 10, only the microphone calibration component is assumed to be normal (Section 
II.A).  A uniform distribution is assumed for the other four invariable sources of uncertainty 
(Sections II.B to II.E).  Even so, a normal distribution (Figure 10, red line) fits well to the 
observed gain error (Figure 10, histogram) when using the Monte Carlo method outlined 
above to combine the sources.  Thus, the combined gain error is expected to be well 
described by a calculated mean bias and standard deviation when the combined 
measurement error is assumed normal.  Those two values will be cited in Section V below 
when discussing results that include both the invariable and variable sources of uncertainty. 
 

The MATLAB® code used to combine the invariable and variable sources of 
uncertainty and create data plots is found in the m-file named Compute_GRS_UQ_rev4.m.  
The results of these simulations are documented in the next section.  The script name is 
identified for documentation purposes only.  It is not available for public distribution. 
 

 
 
Figure 10: Intermediate result showing combined measurement error for only the invariable 
sources, which does not include the effects of variable sources like background noise (see 
Section V.A for results that include the variable sources).  

For illustrative 
purposes only. 
Properties are 
purposely not 
identified. 
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V. RESULTS 
 
A. Total measurement error 
 

The results of combining the nine sources of uncertainty discussed above are 
plotted in Figure 11a below for the PL noise metric.  As mentioned earlier, the numeric 
precision of the metrics computational software is not included in the total combined 
uncertainty since that effect is very small.  Plotted in Figure 11a are the mean of the 
measurement error (solid red curve) and ±1 standard deviation interval about the mean 
(dotted green curves).  The green dotted curves represent the 68.3% confidence interval of 
measurement error assuming a normal distribution.  Other confidence intervals could be 
displayed by appropriate scaling of the standard deviation.  For interested readers, the 
measurement error standard deviation is plotted directly in Figure 12, instead of as a 
confidence interval like in Figure 11a.  The trend where the standard deviation smoothly 
decreases with increasing SNR is easier to identify visually in Figure 12.  These data 
(Figures 11 and 12) are plotted versus the corrected SNR as discussed earlier in Section 
III.A.  Please refer to that section for a discussion of why that independent variable was 
chosen.  It is important to recognize that a single uncertainty value cannot be assigned to a 
measured loudness level a priori.  The uncertainty must be assigned via lookup table after 
the measurement is made and the corrected SNR of that measurement is computed. 
 
 The distributions of corrected SNR observed in the mock acoustic recording 
datasets documented in III.A are plotted as box plots in Figure 11b.  A separate box plot is 
given for the on- and off-design X-59 boom datasets.  The black dashed whiskers indicate 
the 5th to 95th percentile data range and the blue box indicates the 25th to 75th percentile 
range.  Markers identified in the legend locate the 1st, 50th, and 99th percentile points.  The 
horizontal alignment of the box plots in Figure 11b with the uncertainty plot shown in 
Figure 11a gives a visual indication of how the uncertainty may vary for each boom type.  
For example, the median corrected SNR for the on-design X-59 booms is about +16 dB, 
which corresponds to an expected bias error of about −0.213 dB and standard deviation of 
about 0.682 dB.  On-design X-59 booms with an SNR of about +8.1 dB correspond to the 
5th percentile for that boom type and are expected to have a bias error of about −0.207 dB 
and standard deviation of about 1.60 dB.  Comparing the box plots for the on- and off-
design X-59 cases, the off-design waveforms are expected to have higher SNR so the 
uncertainty is expected to be smaller than the on-design waveforms at the same percentile.  
For example, the 5th percentile of off-design booms has a corrected SNR value of about 
16 dB, which would give the same uncertainty estimate as the median on-design boom. 
 

Importantly, the behavior of the uncertainty and the corrected SNR are expected to 
change with the different metric types.  Thus, separate plots like the one in Figure 11 are 
included in Appendix 2 for the PL, ISBAP, ASEL, BSEL, CSEL, DSEL, ESEL, and ZSEL 
metrics.  Tabulated total uncertainty values for those metrics are included in Appendix 3, 
which were used to create the plots in Appendix 2.  The tabulated data should be useful for 
analysts who wish to quantify the uncertainty of a measured sonic boom.  Specifically, 
once the corrected SNR value is computed for a waveform measured in the field, the table 
data in Appendix 3 can be used to determine the expected combined bias error and standard 
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deviation.  When the corrected SNR of a measured boom falls within the lower and upper 
edges of a tabulated bin from Appendix 3, then the values of bias and standard deviation 
for that bin should be used to compute the uncertainty.  Those values were computed while 
using the “Custom F” spectral correction method [1].  Using a different method, or no 
correction, would require the tables to be recomputed.  Importantly, the bias of truth relative 
to a measurement would be the negative of the measurement error bias that is tabulated in 
the “mean bias” column of the tables in Appendix 3.   
 

For example, assume the calculated PL value of a measured waveform was 
75 dB PL.  Also assume that value was computed using NOM9 after correcting for 
background noise contamination using the “Custom F” spectral correction method, and the 
corrected SNR was between +6 and +8 dB PL.  That would correspond to an expected bias 
error of about +0.814 dB PL and standard deviation of 2.50 dB PL (looked up in Appendix 
3, Table 3.1, Bin 4).  Thus, the measured value with uncertainty might be expressed as 
75−5.71 

+4.08  dB PL at the 95% confidence level10 when accounting for expected measurement 
error bias and range.  Those values assume the 95% confidence interval is expressed as 
±1.959×σ + μ with σ = 2.50 dB and μ = −0.814 dB. The resulting confidence interval is not 
symmetric about the observed level, 75 dB PL, due to the mean bias, μ.  For comparison, 
if the corrected SNR were higher, between say +14 and +16 dB PL for example, then the 
measured value with uncertainty might instead be expressed as 75−1.12 

+1.55  dB PL at the 95% 
confidence level11 (using Appendix 3, Table 3.1, Bin 8).  Those limits are smaller and more 
symmetric than the prior example since the bias, +0.213 dB, is much smaller in this case.  
Inclusion of the expected bias error when assigning uncertainty may lead to 
counterintuitive confidence interval citations in some cases, where both limits are either 
positive or negative12.  Analysts should be aware of this possibility.  The likelihood of 
encountering such edge cases is not currently known, but depends on the ratio of μ to σ and 
the value that scales it.  Finally, different confidence intervals can be cited by scaling the 
standard deviation, σ, differently.  For example, scaling the standard deviation by 1.644 
instead of 1.959 would give an estimate for the 90% confidence interval.  Also, confidence 
intervals for different noise metrics can be found using the metric-specific tables in 
Appendix 3.  For example, Table 3.4 would be used when computing intervals for BSEL. 
 

 
10 −5.71 = −(1.959×2.50) − 0.814 and +4.08 = (1.959×2.50) − 0.814, assuming the 95% confidence interval 
equals ±1.959×σ + μ with σ = 2.50 dB and μ = −0.814 dB.  Values taken from Appendix 3, Table 3.1, Bin 4.   
11 −1.12 = −(1.959×0.682) + 0.213 and +1.55 = (1.959×0.682) + 0.213, assuming the 95% confidence interval 
equals ±1.959×σ + μ with σ = 0.648 dB and μ = +0.213 dB.  Values taken from Appendix 3, Table 3.1, Bin 8.  
12 Depending on the chosen confidence interval, the value of σ, and the value of μ, it is possible the upper 
and lower bounds on the measured value could both be positive or both be negative, which might be 
counterintuitive.  For example, a loudness level with uncertainty that looks something like 75−8.37

−0.51 dB might 
be possible in some cases, which would indicate that the true level is expected to be biased low compared to 
the measurement within the chosen confidence level.  Such cases are only expected to occur when the mean 
bias is larger than the product of the standard deviation and the confidence interval scalar.  Such edge cases 
will likely only occur in cases when the corrected SNR is very low in level, if at all. 
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Figure 11: Total measurement error for the PL noise metric versus the PL corrected SNR, 
a) shows the total measurement error and b) shows the observed distribution of corrected 
SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 12: Total combined measurement error standard deviation. 
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B. Contribution proportions 
 

It might be useful in some cases for analysts to understand the proportion of the 
total variance that is explained by each source of uncertainty.  For example, a rank order of 
source significance may be used to identify ways to mitigate the effect of dominant sources 
while avoiding allocating resources to reduce sources that already contribute little to the 
overall measurement error.  Thus, an analysis of variance was performed on the Monte 
Carlo dataset to determine the relative contribution of each uncertainty source for each 
metric type and level.  An example result of this analysis is plotted in Figure 13 for 
Perceived Level.  The curves identified in the legend are ordered in the same manner as the 
lines appear from top to bottom within the plot. 
 

The contribution of each source to the total variance changes with corrected SNR 
since the background noise related measurement errors are a function of SNR (e.g., see 
Section III.A).  Thus, the contribution of background noise to the total error is high when 
SNR is low and it is low when SNR is high (Figure 13, dashed black line).  Consequently, 
other sources will contribute more to the total variance when SNR is high.  Specifically, 
the calibration uncertainty, the microphone ambient temperature effects, and the 
windscreen effects become significant as SNR increases and the effects of background 
noise decrease.  Importantly, Figure 13 should be analyzed while considering Figures 11 
and 12, which show how the total measurement error varies with changing SNR.  
Specifically, the total variance, the square of the ordinate in Figure 12, is highest when 
SNR is low and lowest when SNR is high. 
 

A plot like Figure 13 is useful because it shows which sources are dominant as SNR 
changes and background noise effects become less dominant.  For example, sample rate 
effects (Figure 13, solid yellow line) never have a significant contribution to the overall 
uncertainty.  Thus, variation in sample rate in the range of ±50 ppm is not important when 
computing loudness levels of the GRS measurements.  Consequently, correcting for GRS 
sample rate drift is likely not needed if the sample rate uncertainty stays within the ±50 ppm 
limit cited on the hardware specification sheets.  Thus, correcting sample rates using GPS 
timecode is likely not necessary during X-59 field tests.  Using the pre-configured GRS 
ADC sample rate – e.g., 51,200 Hz – should be sufficient when computing loudness levels.  
Sources like microphone calibration uncertainty and ambient temperature effects (Figure 
13, solid red and green lines, respectively) are expected to be significant when SNR is high, 
and should be the focus of efforts to reduce uncertainty in the higher SNR range.  While 
windscreen insertion loss effects, which include elevation angle, are expected to become 
moderately significant when SNR is high (Figure 13, dashed cyan line), the design of the 
windscreen cannot be changed so the uncertainty caused by this source cannot be reduced.   
 

Separate plots like the one below are included in Appendix 4 for the PL, ISBAP, 
ASEL, BSEL, CSEL, DSEL, ESEL, and ZSEL metrics.  Tabulated proportions for all those 
metrics are included in Appendix 5, which were used to create the plots in Appendix 4. 



 

39 
 

 
 
Figure 13:  Proportion of the total variance explained by each uncertainty source for the PL 
noise metric versus the PL corrected SNR of the mock recording. 
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C. Effects of reduced uncertainty 
 

In the analyses presented above, four components of the total uncertainty stand out 
as more significant than the other five sources: 

• Background noise is dominant when the corrected SNR is low (e.g., see Figure 13a, 
left-hand side, the dashed black curve),  

• As the corrected SNR increases, the uncertainty due to the microphone calibration 
become increasingly important (Figure 13a, right-hand side, the solid red curve),  

• Ambient temperature effects are moderately important when corrected SNR is high 
(Figure 13a, right-hand side, the solid green curve), and 

• Windscreen related uncertainty (Figure 13a, right-hand side, dashed cyan curve) is 
about as large as ambient temperature effects (solid green curve) when SNR is high.   

This knowledge helps to identify methods NASA could use to reduce the total measurement 
chain uncertainty.  Approaches to reduce uncertainty of the first three sources listed above 
(background noise, calibration, and temperature) and some supporting analyses to identify 
the effects of the reductions are presented in this section.  The windscreen design that will 
be used with the GRS noise monitors for X-59 measurements cannot be changed, so 
mitigating uncertainty due to that source is not practical.  Also, the contribution of the 
windscreen source is not as significant for some other noise metrics like BSEL, DSEL, and 
ESEL (e.g., Appendix 4, Figure 4.4, 4.6, and 4.7).  Consequently, effects of reduced 
windscreen uncertainty are not considered in this section.   
 
 One obvious approach to reduce uncertainty would be to make measurements in 
environments with lower ambient noise levels than the QSF18 test, which were assumed 
when creating mock recordings above.  Lower background noise levels should reduce the 
impact of this source of uncertainty by changing the proportion of measurements with low 
SNR.  Such efforts may be beneficial when measuring X-59 on-design booms since a large 
proportion of that boom type will have modestly low SNR if background noise levels are 
like those of QSF18 (e.g., Figure 13b, on-design box plot).  For example, 25% of the on-
design X-59 sonic booms that are mixed with background noise from QSF18 have 
corrected SNR values of 13.5 dB or lower (Figure 13b, left edge of upper blue box), for 
which the measurement error standard deviation is about 1 dB or more (Figure 12).  
Measurements made with lower background noise levels are expected to shift the box plot 
features shown in Figures 11b and 13b rightward, so sonic booms at a particular percentile 
of corrected SNR would then lie within a bin in Figure 11a with higher SNR and, thus, 
lower total error.  This rightward shift is expected to be particularly beneficial for on-design 
booms since the measurement error standard deviation curve changes rapidly at low 
corrected SNR values.  For example, a 6 dB increase in SNR for the 25th percentile on-
design case, from an SNR of 13.5 to 19.5 dB, would roughly correlate to a change in 
measurement error standard deviation from about 1 dB to about 0.40 dB (Figure 12 and 
Appendix 3 Table 3.1) – more than a halving of the total uncertainty.  Lower background 
noise levels are not expected to affect the off-design booms as much since they, generally, 
have higher corrected SNR values.  For example, a 6 dB increase in the off-design 
corrected SNR 25th percentile from the current 23 dB to 29 dB would change the 
measurement error standard deviation only slightly, from 0.31 to 0.26 dB (Figure 12 and 
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Appendix 3 Table 3.1).  This is because other sources become dominant at these higher 
corrected SNR values. 
 

The uncertainty associated with the microphone calibration component could be 
further reduced by choice of a different calibration method when updating the TEDS data 
during traceable calibrations.  This would reduce the total uncertainty compared to the 
baseline case shown in Figure 11a for booms with high SNR since this component is 
significant in that upper SNR range (Figure 13a).  The analyses discussed earlier assumed 
use of an acoustical calibrator, so a standard deviation of 0.22 dB was assumed for this 
microphone calibration component.  If the TEDS sensitivity were instead found using the 
reciprocity method5 then the uncertainty is expected to be significantly smaller.  
Specifically, a standard deviation ranging from 0.015 to 0.025 dB is expected5, instead of 
the 0.22 dB assumed previously.  That procedural change in the calibration would reduce 
the effects of the calibration component on measurement error when SNR is high.   
 

Finally, the ambient temperature effect could be reduced if an estimate of the 
ambient temperature at the time of measurement were used to correct the computed noise 
levels.  For example, the analyses here assumed acoustical measurements would be 
performed in ambient temperatures ranging from 35 to 110°F, a uniform span of 75°F, and 
that no temperature compensation would be performed to correct for related changes in 
sensitivity.  This assumption resulted in a uniform gain distribution with range 0.225 dB 
(see Section II.B).  If the ambient temperature could instead be estimated to within ±10°F 
of the temperature at time of measurement and a suitable temperature compensation 
applied to the measured data, then that would reduce the span of the assumed gain 
uncertainty to about 0.06 dB (found from multiplying 20°F by 0.003 dB/°F).  Such a 
compensation would not be possible in real time – if, for example, the metric values are 
computed by GRS units on the fly.  However, that compensation might be possible posttest 
since detailed weather data will be recorded during each X-59 overflight.  However, current 
X-59 data processing plans do not include such a temperature compensation.  The benefits 
and costs of including such a correction would need to be evaluated to determine if the 
uncertainty reduction for this component is worth the cost and added data analysis 
complexity.   
 

To evaluate the effects of reducing the three most significant sources of uncertainty 
discussed above, the analyses presented earlier were repeated with the following 
assumptions: 

• The QSF18 background noise levels are reduced in level by 6 dB (background noise 
waveform amplitudes are scaled by one half) when creating the mock recordings to 
evaluate the effects of the five variable sources of uncertainty, 

• Reciprocity is used to update TEDS sensitivities during traceable calibrations, so 
the standard deviation assumed for the calibration uncertainty component is 
reduced to from 0.22 to 0.025 dB (normal distribution), and 

• A temperature compensation correction with accuracy of ±10°F is applied to 
recorded data prior to computing final metric values so the temperature effect on 
microphone sensitivity is reduced from 0.225 to 0.06 dB (uniform distribution). 
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The results from these updated analyses are plotted below in several ways while 
considering the Perceived Level metric.  For brevity, similar results for the other seven 
noise metrics are not included in this report.  In Figures 14 and 15, a side-by-side 
comparison is given comparing the baseline results from Sections V.A and V.B to the 
updated results using the values listed above.  The total uncertainty is shown in Figure 14 
and the proportional contributions are shown in Figure 15.  The left-hand subplots in both 
figures show the baseline results that were presented in those prior sections.  The right-
hand subplots show the results for the updated values listed above.  The legends in Figure 
15a and c are ordered like the lines appear from top to bottom within those subplots, so the 
two legends have different line orderings.   
 
 There are obvious differences when comparing the two total measurement error 
estimates shown in Figure 14.  Specifically, the behavior of the mean bias (red line) is 
different at low values of corrected SNR.  Additionally, the confidence interval (dashed 
green lines) is smaller at high values of SNR.  The effects of reducing these three sources 
are evident when comparing the proportional contributions shown in Figure 15.  
Background noise is still dominant at low values of corrected SNR, but the calibration 
component and ambient temperature component are not as significant at high SNR 
(comparing Figure 15a versus c). 
 

Small differences in the error estimates are difficult to discern in the side-by-side 
comparison shown in Figure 14.  Thus, the standard deviation and mean bias curves from 
Figure 14 are compared as overlays in Figures 16a and 17a to help readers visualize the 
small differences and details in those curves.  Specifically, showing the raw standard 
deviation values in Figure 16a instead of displaying confidence intervals, like in Figure 14, 
is helpful since the curves in Figure 16a no longer depend on both the mean bias and 
standard deviation.  This makes visual comparisons of the range of measurement errors for 
the different analysis cases easier.  Importantly, three curves are included in both Figure 
16a and 17a: 

1) The case with baseline values from the prior sections (solid green line),  
2) The case where the ambient noise is attenuated and the microphone sensitivity 

effects are reduced like found in the bulleted list above (dashed blue line), and  
3) An additional case where the ambient noise is attenuated but the baseline 

microphone calibration and temperature uncertainty effects, 0.22 and 0.225 dB, 
respectively, are used instead of the reduced values (dotted red line).   

The third case is included in those two figures to illustrate the expected effect of a reduction 
in the background noise component only.  Also included in Figures 16a and 17a is a gray 
shaded region towards the left-hand side of the axes.  That gray region indicates corrected 
SNR bins that contain very few observations of measurement error.  Thus, the standard 
deviation and the mean bias may be poorly estimated in that shaded region.  For 
information purposes, the number of observations in the lowest SNR bins are tabulated in 
Table 12.  For the analysis cases with updated values (Table 12, right-most column), less 
than 1% of all of the mock recordings fell within each of the first three bins that are 
identified by the shaded region in Figures 16a and 17a.  Finally, the four box plots from 
Figures 14 and 15 are reproduced together in Figures 16b, 16c, 17b and 17c to help readers 
distinguish the differences in horizontal locations of the boxplot features when comparing 
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the baseline cases (Figures 16b and 17b) to attenuated analysis cases (Figures 16c and 17c).  
A rightward shift is visible in the box plot features for that latter case.  The box plots shown 
in subplots 16b and 16c are identical to 17b and 17c, respectively.  They are reproduced in 
both figures so readers can compare the box plot features to both the standard deviation 
curves and the mean bias curves of those two figures.   
 

The astute reader may wonder why the tabulated percentage values found in Table 
12 appear in conflict with the locations of the box plot features in Figures 16b, 16c, 17b 
and 17c.  For example, the table indicates that 1.1%, or 474 (count), of mock recordings of 
the baseline analysis case fell within the second bin (Table 12, the “2 to 4 dB” bin).  
Whereas, the box plot features shown in Figures 16b and 17b indicate that the 1st percentile 
(rightward pointing green arrow) of the on- and off-design mock recording datasets fell at 
a much higher SNR value, at about 6.5 and 11.5 dB, respectively, when using the baseline 
background noise levels.  Importantly, the table cites the counts and percentages computed 
across all 43,200 mock recordings from sets 1, 2, and 3 that were described in the first 
paragraph of Section III.A.  As a reminder, the third, contrived set was not included when 
creating the box plots.  Thus, the box plots show the distributions for only the 14,400-
waveform subset of the on-design case (set 1) or the 14,400 waveforms of the off-design 
case (set 2).  The third set was only used to improve the estimates of the measurement error 
when SNR is low, which inflates the proportion of observations in the lower SNR bins for 
the error estimate cited in Table 12.  See Section III.A for additional discussion of set 3. 
 
 Decreasing the uncertainty of both the calibration component and the ambient 
temperature source almost halves the measurement error when corrected SNR is greater 
than about 24 dB (Figure 16a, solid green line versus dashed blue line).  Most of the 
observed reduction in combined uncertainty at those high values of corrected SNR (Figure 
16a, dashed blue line) is due to the reduction in the calibration uncertainty source.  When 
considering the proportion of X-59 booms expected to lie in this SNR range (Figure 16b 
and c), it may be advisable to pursue such reductions.  For example, more than half of the 
off-design booms are expected to lie in this high-SNR region when background noise levels 
are like those of QSF18 (Figure 16b, off-design box plot).  Requiring calibration providers 
to use the reciprocity method should not be burdensome to the NASA research team and 
the added cost should be small relative to using an acoustical calibrator.  Additionally, 
weather data will be collected during X-59 field tests, so incorporating a temperature 
correction factor when computing levels posttest should be possible.  However, reductions 
in the combined uncertainty due to the ambient temperature source are relatively small in 
comparison to the calibration source.  Even so, these two uncertainty reduction efforts are 
recommended by the author for use in X-59 field tests since the temperature source might 
become significant for metrics like BSEL, DSEL, and ESEL (Appendix 4, specifically 
Figures 4.4, 4.6, and 4.7) once the calibration uncertainty is reduced as compared to the 
baseline case shown in that appendix. 
 

Inspecting the standard deviation for the three cases (Figure 16a), the scaling 
applied to the background noise in the updated analyses did not change the relationship of 
standard deviation with respect to corrected SNR in the range from about +6 to +22 dB 
corrected SNR (e.g., comparing the solid green line to the other two lines).  This 
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observation is despite the background noise component being the dominant source of 
measurement error variability in that SNR range (Figure 15, dashed black line).  However, 
there is a minor change in the mean bias between about +6 and +22 dB corrected SNR 
(Figure 17a, solid green versus dotted red lines).  Differences in the bias of about 0.5 dB 
or less are observed within bins in that SNR range.  However, differences in bias on the 
order of a few tenths of a dB are relatively small so may not be critically important to 
account for during X-59 tests.  The primary effect of decreasing the background noise level 
in the updated dataset is to shift the distributions of corrected SNR observed across the 
mock recordings (e.g., Figure 16b versus 16c and Figure 17b versus 17c).  Specifically, the 
box plot features shift rightward by about 4 to 6 dB, which is similar in magnitude to the 
scalar applied to the background noise waveforms in the updated analyses.  For example, 
the 5th percentile of corrected SNR for on-design booms shifts from about +9 to +13 dB, 
while the median corrected SNR shifts from about +17 to +23 dB (Figure 16b versus 16c, 
upper box plot in each subplot).  Shifts of similar magnitude are observed when comparing 
the off-design distributions (Figure 16b versus 16c, lower box plot in each subplot).   
 

The uncertainty estimates presented here were created using mock acoustic 
recordings that were assembled using snippets of background noise measured during the 
QSF18 field test.  Since the background noise levels observed during the QSF18 test may 
not be representative of future X-59 deployments, an effort should be made during X-59 
field tests to measure the background noise during future deployments and update the 
uncertainty analysis.  All the computational scripts used here to estimate the total 
uncertainty run relatively quickly.  Given properly formatted datasets from future 
deployments, similar analyses to update the total uncertainty estimates could be completed 
in an hour or two.  The QSF18 background noise dataset contains about 42 hours (total) of 
recorded data from 12 (count) noise monitors used in that test.  So about 3.5 hours of 
background noise per monitor, where those recordings were spaced out across several days 
and made at different times during the day.  The author recommends similar measurements 
be made during future test campaigns so the uncertainty can be re-quantified to verify it 
does not change significantly compared to the results here.  
 

Nonetheless, the uncertainty approximated here should not be significantly 
different than that of X-59 field tests since scaling the background noise waveforms in the 
updated analyses did not drastically alter the behavior of the measurement error standard 
deviation (Figure 16a) or mean bias (Figure 17a).  The main effect of changing background 
noise levels is to shift left or right the distribution of corrected SNR that is observed in the 
dataset (e.g., Figure 16b versus 16c).  Thus, it is believed that the estimates of total 
uncertainty here are a reasonable approximation of what might be expected during future 
X-59 field tests. 
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Figure 14: Comparison of baseline measurement error estimate and SNR ranges (left-hand subplots) versus error estimates and SNR 
ranges while using attenuated background noise levels and smaller microphone-related uncertainties (right-hand subplots). 
 
 
 
 
 

Baseline values       Updated values (see bulleted list) 
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Figure 15: Comparison of baseline proportional contributions and SNR ranges (left-hand subplots) versus proportional contributions 
and SNR ranges while using smaller microphone-related uncertainties and attenuated background noise levels (right-hand subplots).

Baseline values       Updated values (see bulleted list) 
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Figure 16: Comparison of the measurement error standard deviations for the baseline 
values versus using updated values; a) measurement error for three different cases, b) range 
of corrected SNR with baseline background noise levels, and c) range of corrected SNR 
with attenuated background noise levels. 
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Figure 17: Comparison of the measurement error mean bias for the baseline values versus 
using updated values; a) measurement error for three different cases, b) range of corrected 
SNR with baseline background noise levels, and c) range of corrected SNR with attenuated 
background noise levels. 
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Table 12: Number and percentage of mock acoustic recordings, of the 43,200 mock 
recordings analyzed to assess background noise related measurement error, falling within 
each corrected SNR bin for the PL metric. 
 

Bin 
Corrected 
SNR, PL Baseline case With attenuated BG noise 

  Counts Percentage Counts Percentage 
1 0 to 2 dB13 < 50 < 0.12 < 50 < 0.12 
2 2 to 4 dB 474 1.1 108 0.3 
3 4 to 6 dB 1706 3.9 481 1.1 
4 6 to 8 dB 3693 8.5 1211 2.8 
5 8 to 10 dB 4408 10.2 2402 5.6 
6 10 to 12 dB 4003 9.3 3401 7.9 

 
 
 
 
 
  

 
13 Because there are less than 50 mock acoustic recordings falling within this bin, the mean bias and standard 
deviation of this bin are not calculated from the mock data and instead the values for the 2 to 4 dB bin are 
used for this bin, and all the bins below it.  See related discussion about limiting bins in Section III.A. 
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VI. CONCLUSIONS 
 
A. Caveats and future work 
 
1. GRS analog to digital converter 
 

Mock acoustic recordings discussed in Section III and Ref. [1] were used to 
estimate the effects of the variable sources of uncertainty here.  Importantly, those mock 
recordings were assembled using background noise waveforms from NASA’s QSF18 field 
test [14].  Background noise consists of two main components: 1) the acoustical ambient 
noise from the surrounding environment, and 2) the instrumentation noise associated with 
the data acquisition hardware.  Thus, the instrumentation noise component within the mock 
recording waveforms here is from the instrumentation used in the QSF18 field test.  It is 
not specific to the GRS hardware – the GRS ADC, the PCB microphone, and the 
windscreen – that will be used during X-59 overflights.  The choice to use QSF18 
background noise instead of GRS-specific background noise was made since there is not a 
sufficiently large database of real-world background noise recordings made with the GRS 
hardware.   
 

Each GRS input channel is dual range, containing both a 24-bit high-range ADC 
and a 24-bit low-range ADC that quantize and record the input waveform simultaneously.  
The high-range ADC has an input voltage range of ±10 V and recent tests have shown it to 
have an electrical noise floor of about 47 dBA with inputs shorted while assuming an input 
sensitivity of 10.5 mV/Pa – similar to the PCB microphone.  The low-range ADC can 
measure voltages in the ±0.5 V range with an electrical noise floor of about 26 dBA under 
similar conditions.  Thus, the measurement uncertainty may be different for the two ADC 
types since the instrumentation noise component of the background noise will be different.  
If uncertainty estimates are updated in the future using GRS-specific background noise 
recordings, then computing separate uncertainty estimates for the low- and high-range 
ADCs is advisable.   
 
2. Microphone 
 

Recent tests have found that using a Brüel and Kjær Type 4193 microphone with 
low frequency adapter, like the ones used in the QSF18 test, tends to produce more 
instrumentation noise than when using the GRS low-range ADC and PCB 378M12 
microphone combination.  Most on-design (quiet) X-59 sonic booms will be measured by 
the GRS low-range ADC without clipping it.  Thus, the instrumentation noise component 
of the background noise may have been slightly overestimated when using the QSF18 
background noise for the mock recordings since the QSF18 recordings used the Type 4193 
microphone.  This may have led to slightly larger uncertainty estimates than if background 
noise snippets containing GRS-specific instrumentation noise were used.  However, the 
relative importance of instrumentation noise versus acoustical ambient noise to the 
background noise related uncertainty component is unknown since the two components 
cannot be separated when creating mock recordings.  Thus, the impact on the uncertainty 
estimates presented earlier is unknown.  It is advisable to repeat the uncertainty analyses 
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presented here when a sufficiently large database of GRS specific background noise is 
available.  That background noise database should include measurements of both the low- 
and high-range ADC and the PCB microphone.  Also, the instrumentation noise component 
in the QSF18 background noise, which was used as a data source for the mock recordings 
here, is likely similar in level to the instrumentation noise of the GRS high-range ADC.  
Thus, the uncertainty estimates here might be a good approximation of the GRS high-range 
ADC and provide an upper bound for the overall uncertainty of GRS measurements. 
 

The effects of reducing some sources of uncertainty were discussed in Section V.C, 
where reductions in the background noise level, the microphone calibration uncertainty, 
and the microphone ambient temperature uncertainty were discussed.  The ambient 
(barometric) pressure effects on the total uncertainty become a significant contributor to 
the total uncertainty at high SNR values when those three effects are reduced (e.g., see 
Figure 15c).  It may be possible to reduce the uncertainty caused by ambient pressure if a 
correction to the sound level is made based on the local elevation-related barometric 
pressure.  For example, the range of barometric pressures identified in Section II.D are 
dominated by the elevation change between the locations cited.  If a test site specific, 
altitude-based barometric pressure compensation were applied to the measured sound 
levels, the range used to define the uncertainty would be much smaller since it would only 
need to account for fluctuations in the barometric pressure caused by weather.  
Implementing an altitude-based barometric pressure correction is recommended for X-59 
field tests. 
 

Microphone sensitivities may drift over time.  Such effects were not included in the 
current analyses since the expected magnitude of drift, if any, is unknown.  Sensitivity drift 
should be investigated once a calibration history for the 378M12 microphones is available.  

 
As discussed in Section II.A, it is recommended that the loaded sensitivity be used 

for 378M12 microphone when converting between voltage units and pressure units, which 
should result in an unbiased uncertainty for the calibration component – like the 0 dB bias 
shown in Table 2.  If the open-circuit sensitivity is stored in TEDS for the 378M12 
microphone, then a correction6 to convert between open-circuit sensitivity and loaded 
sensitivity should be applied when converting GRS recordings from voltage to pressure 
units during X-59 tests. 
 
3. Field test location 
 

The mock recordings used here to estimate background noise effects were measured 
in Galveston TX during the QSF18 test.  These background noise measurements may not 
be representative of future X-59 field test locations.  For example, X-59 phase 2 flights will 
occur near NASA’s Armstrong Flight Research Center (AFRC), where the GRS units will 
be placed in the desert.  It is unknown how the acoustical ambient at that location will 
compare to that of Galveston TX.  Likewise, future X-59 community tests in phase 3 will 
occur within five select communities around the United States.  The acoustical ambient 
within the chosen communities may differ from that of Galveston TX.  Thus, it is advisable 
to record acoustical ambient during future X-59 field tests so the measurement chain 
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uncertainty can be updated posttest.  If such measurements are made, then a dataset 
comparable in size to the QSF18 dataset is recommended – which was about 40 hours in 
total duration, consisting of many individual recordings that were on the order of 2 minutes 
in duration each, and that were made at different times of day and on different days. 
 
4. Ground impedance 
 

Ground impedance effects were not included in the current uncertainty analysis.  
Variation caused by different ground impedances is not directly related to the measurement 
chain, so was deemed outside the scope of the present analyses.  While ground impedance 
will introduce spectral coloration into the measurements and the effects may be important 
to quantify, the ground impedance that is expected at future measurement sites is currently 
unknown.  For example, it is not known how many GRS units may be placed over soft 
ground versus hard ground during future tests.  This is particularly true for the phase 3 
community tests.  Ground impedance effects during phase 2 may be less 
important/significant than in phase 3 since the GRS units will be placed over relatively 
hard ground in desert areas near AFRC.  Quantifying effects of ground impedance is left 
to future work. 
 
5. Turbulence 
 

Variation due to turbulence is not included here since those propagation effects are 
not related to the measurement chain so were deemed outside the scope of the current 
analyses.  If turbulence effects on metric level are needed for future comparisons to 
prediction, then those effects should be modeled separately and included as an additional 
source of uncertainty.  
 
B. Summary 
 

The uncertainty expected in empirically determined X-59 sonic boom loudness 
levels was quantified.  The measurement error was estimated for ten individual sources of 
uncertainty (Sections II and III) and the total measurement error was found when 
combining nine of those sources (Sections IV and V.A).  One of the ten sources of 
uncertainty, the numeric precision used to compute metric values, was excluded from the 
analyses since the effect of it is very small.  The proportional contribution of each source 
was also quantified so significant sources of uncertainty could be identified (Section V.B).  
The background noise component, the microphone calibration component, the ambient 
temperature effects on microphone sensitivity, and the windscreen effects were the four 
most significant sources of measurement error.  Background noise is the dominant source 
at low SNR values while the other four are dominant when SNR is high. 

 
Methods to reduce three of these sources were discussed in Section V.C, where new 

values for them were identified and the total measurement error was re-evaluated while 
assuming the reduced uncertainty values.  Reduced uncertainty for the windscreen source 
was not considered since the windscreen design used by the GRS noise monitors cannot be 
changed.  The effect of reduced background noise manifests primarily as a shift in the 
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distribution of corrected SNR for the set of recordings.  The effect of reduced background 
noise levels on the behavior of the standard deviation and mean bias at fixed values of 
corrected SNR is small.  Thus, use of the QSF18 background noise dataset likely gives 
reasonable approximations of the expected measurement error standard deviation and bias 
for future X-59 tests.  The microphone calibration uncertainty can be reduced relative to 
the baseline analysis case simply by choosing a more accurate method when performing 
traceable calibrations.  Specifically, use of the reciprocity method is recommended.  Also, 
ambient temperature effects can be reduced if the temperature at the time of measurement 
is estimated and then a correction applied posttest to the measured sound levels.  The 
benefit of reducing the calibration source and ambient temperature source of uncertainty is 
roughly a halving of the total uncertainty when SNR is high.  While reducing these two 
components of uncertainty using the methods discussed is recommended, the costs of 
reducing these two components is still unknown and needs to be evaluated before 
implementing either reduction method.   

 
Overall, the uncertainty estimates provided here are expected to be conservative.  

Refining these estimates is recommended once more information is known about the details 
of future X-59 field tests.  
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Appendix 1: Calculation of corrected SNR with representative data plots 
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The methods used here to compute the loudness level of a sonic boom while 
correcting for background noise contamination are documented in Ref. [1].  However, the 
method to compute corrected SNR, which was introduced in Section III.A above, is not 
documented within that reference or elsewhere.  This appendix provides such 
documentation for the case when a spectral correction is requested when using NOM9.  
 

As discussed in Ref. [1], the band levels of the uncorrected sonic boom spectrum 
are compared to the band levels of the uncorrected preboom background noise spectrum to 
compute the corrected spectral levels, prior to computing loudness levels.  Specifically, the 
corrected sonic boom spectral sound pressure levels, 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, in which i represents 
the ith one-third-octave band, are computed using the algorithm 
 

 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

⎩
⎪
⎨

⎪
⎧

𝐿𝐿𝐵𝐵,𝑖𝑖
   

10𝑙𝑙𝑙𝑙𝑙𝑙10�10𝐿𝐿𝐵𝐵,𝑖𝑖 10⁄ − 10𝐿𝐿𝐴𝐴,𝑖𝑖 10⁄ �
 

𝐿𝐿𝐵𝐵,𝑖𝑖 − 𝑌𝑌

    

if  ∆𝐿𝐿𝑖𝑖 > 15
  

if  X < ∆𝐿𝐿𝑖𝑖 ≤ 15
 

if  ∆𝐿𝐿𝑖𝑖 ≤ 𝑋𝑋

 (1) 

 
where 𝐿𝐿𝐵𝐵,𝑖𝑖 is the uncorrected sound pressure level of the boom spectrum, 𝐿𝐿𝐴𝐴,𝑖𝑖 is the level 
of the preboom background noise, ∆𝐿𝐿𝑖𝑖 =  𝐿𝐿𝐵𝐵,𝑖𝑖 − 𝐿𝐿𝐴𝐴,𝑖𝑖, and X and Y are the correction-
method-specific constants.  The quantities 𝐿𝐿∗, ∆𝐿𝐿, X, and Y are in units of decibels.  The 
constants X and Y are set based on the chosen correction method, where choices available 
in NOM are documented in Table 1 of Ref. [1].   
 

For a spectral correction, like “Custom F” used here, that algorithm in Eq. (1) is 
applied separately to each ith one-third-octave band.  The magnitude of the spectral 
correction, Ci in decibels, is  
 

 𝐶𝐶𝑖𝑖 = 𝐿𝐿𝐵𝐵,𝑖𝑖 − 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (2) 
 
where a unique Ci value is computed for each ith one-third-octave band, and all Ci ≥ 0 since 
all 𝐿𝐿𝐵𝐵,𝑖𝑖 are always greater than 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  To compute the “corrected” preboom 
background noise spectrum – a spectrum that accounts for the effects of the correction 
values applied to the sonic boom spectrum – the Ci values found above are subtracted from 
the background noise spectral sound pressure levels 
 

 𝐿𝐿𝐴𝐴,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐿𝐿𝐴𝐴,𝑖𝑖 − 𝐶𝐶𝑖𝑖 (3) 
 
where 𝐿𝐿𝐴𝐴,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 represents the corrected preboom ambient spectral levels of the ith one-
third-octave bands.  Thus, the corrected spectrum of the background noise, 𝐿𝐿𝐴𝐴,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, is 
attenuated relative to the uncorrected spectrum, 𝐿𝐿𝐴𝐴,𝑖𝑖, by the same Ci values as the boom 
spectra, 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 compared to 𝐿𝐿𝐵𝐵,𝑖𝑖.   
 

To review, when computing the uncorrected SNR using as-measured 𝐿𝐿𝐵𝐵,𝑖𝑖 and 𝐿𝐿𝐴𝐴,𝑖𝑖 
values, the signal-plus-noise-to-noise ratio is being estimated since the 𝐿𝐿𝐵𝐵,𝑖𝑖 values include 
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both a signal and noise component.  Additionally, the 𝐿𝐿𝐴𝐴,𝑖𝑖 values only approximate the 
noise component of 𝐿𝐿𝐵𝐵,𝑖𝑖 since 𝐿𝐿𝐵𝐵,𝑖𝑖 and 𝐿𝐿𝐴𝐴,𝑖𝑖 are separated in time (e.g., see Ref [1]).  The 
𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 values estimate the component of 𝐿𝐿𝐵𝐵,𝑖𝑖 that is associated with the signal only 
by attenuating 𝐿𝐿𝐵𝐵,𝑖𝑖 using Eq. (1), which approximates the contribution of the noise 
component and corrects for it.  The levels of 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are always less than 𝐿𝐿𝐵𝐵,𝑖𝑖 since 
energy is only removed from, never added to, 𝐿𝐿𝐵𝐵,𝑖𝑖 when using Eq. (1).  Consequently, we 
cannot compare 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 directly to 𝐿𝐿𝐴𝐴,𝑖𝑖 to estimate a signal-to-noise ratio of the 
corrected spectrum since that would imply a lower signal-to-noise ratio than if 𝐿𝐿𝐵𝐵,𝑖𝑖 were 
directly compared to 𝐿𝐿𝐴𝐴,𝑖𝑖, which would be nonsensical since the purpose of the correction 
in Eq. (1) is to mitigate the effects of noise.  Thus, Eq. (3) is used to attenuate 𝐿𝐿𝐴𝐴,𝑖𝑖 by the 
same magnitudes, Ci, that 𝐿𝐿𝐵𝐵,𝑖𝑖 was attenuated so an updated estimate of the noise spectrum, 
𝐿𝐿𝐴𝐴,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, and the loudness levels computed from it can be compared to 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
and the associated sonic boom loudness levels when computing the corrected SNR. 
 

Thus, the corrected loudness levels of the preboom background noise are computed 
from the corrected spectral levels, 𝐿𝐿𝐴𝐴,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, using standard signal processing methods.  
Additionally, the corrected loudness levels of the sonic boom are computed from the 
corrected spectral levels, 𝐿𝐿𝐵𝐵,𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, using standard methods.  Finally, the corrected SNR 
of a loudness level is found from the difference between the corrected loudness level of the 
sonic boom minus the corrected loudness level of the preboom background noise.  No 
equations are given for these last computational steps since they are somewhat trivial and 
well documented elsewhere (e.g., see Table 7).  Example plots of loudness level versus 
corrected SNR are found in Figures 1.1 through 1.8 below for the eight noise metric types, 
where these data were computed using the mock acoustic recording datasets discussed in 
Section III.A in the main body.  Figure 4 from that earlier section (III.A) is identical to 
Figure 1.1 below.  Additionally, the R2 values found in the “c” subplots in Figures 1.1 
through 1.8 below were summarized Table 8 and discussed in Section III.A. 

 
Readers may request a copy of NOM that implements these calculations, see 

footnote 9.  The corrected SNR value is requested as output when using NOM9 by choosing 
output fields with names like SNR_c_[metricname], where [metricname] identifies one of 
the computed noise metrics.  The numeric arrays that populate the SNR_c_[metricname] 
fields in the NOM results structure are the corrected SNR for the input waveforms given 
the background noise waveforms and chosen correction method that were also passed to 
the software.  For example, the values in field SNR_c_dbpl are plotted along the abscissa 
in Figure 2 in Section III.A while using the “Custom F” correction method applied to the 
spectrum to compute the loudness level values.  Please see the NOM9 help information for 
more detail on requesting output fields and using the background noise correction methods.  
Importantly, the corrected SNR depends on the chosen noise metric since the frequency 
weighting function will impact the ratio of the signal level to the noise level.   
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Figure 1.1: Bivariate histograms of Perceived Level versus corrected SNR, where the 
waveform case is indicated in the subplot title and bin counts are indicated by color as 
shown in the right-hand-side color bars. 
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Figure 1.2: Bivariate histograms of ISBAP versus corrected SNR, where the waveform 
case is indicated in the subplot title and bin counts are indicated by color as shown in the 
right-hand-side color bars. 
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Figure 1.3: Bivariate histograms of ASEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars. 
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Figure 1.4: Bivariate histograms of BSEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars. 
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Figure 1.5: Bivariate histograms of CSEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars. 
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Figure 1.6: Bivariate histograms of DSEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars. 



 

66 
 

 
 
Figure 1.7: Bivariate histograms of ESEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars. 
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Figure 1.8: Bivariate histograms of ZSEL versus corrected SNR, where the waveform case 
is indicated in the subplot title and bin counts are indicated by color as shown in the right-
hand-side color bars.  
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Appendix 2: Plots of total measurement error for eight different noise metrics 
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Figure 2.1: Total measurement error for the PL noise metric versus the corrected SNR of 
PL, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings.  
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Figure 2.2: Total measurement error for the ISBAP noise metric versus the ISBAP 
corrected SNR, a) shows the total measurement error and b) shows the observed 
distribution of corrected SNR for the on-design and off-design X-59 mock acoustic 
recordings. 
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Figure 2.3: Total measurement error for the ASEL noise metric versus the ASEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 2.4: Total measurement error for the BSEL noise metric versus the BSEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 2.5: Total measurement error for the CSEL noise metric versus the CSEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 2.6: Total measurement error for the DSEL noise metric versus the DSEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 2.7: Total measurement error for the ESEL noise metric versus the ESEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Figure 2.8: Total measurement error for the ZSEL noise metric versus the ZSEL corrected 
SNR, a) shows the total measurement error and b) shows the observed distribution of 
corrected SNR for the on-design and off-design X-59 mock acoustic recordings. 
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Appendix 3: Tabulated total measurement error for eight different noise metrics 
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Table 3.1:  Total measurement error mean and standard deviation for noise metric PL.  
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Table 3.2:  Total measurement error mean and standard deviation for noise metric ISBAP.  
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Table 3.3: Total measurement error mean and standard deviation for noise metric ASEL.  
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Table 3.4: Total measurement error mean and standard deviation for noise metric BSEL.  
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Table 3.5: Total measurement error mean and standard deviation for noise metric CSEL.  
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Table 3.6: Total measurement error mean and standard deviation for noise metric DSEL.  
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Table 3.7: Total measurement error mean and standard deviation for noise metric ESEL.  
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Table 3.8: Total measurement error mean and standard deviation for noise metric ZSEL.  
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Appendix 4: Plots of the proportion of the total variance explained by each 
uncertainty source for eight different noise metrics 
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Figure 4.1: Proportion of the total variance explained by each uncertainty source for the PL 
noise metric versus the PL corrected SNR of the mock recording. 
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Figure 4.2: Proportion of the total variance explained by each uncertainty source for the 
ISBAP noise metric versus the ISBAP corrected SNR of the mock recording. 
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Figure 4.3: Proportion of the total variance explained by each uncertainty source for the 
ASEL noise metric versus the ASEL corrected SNR of the mock recording. 
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Figure 4.4: Proportion of the total variance explained by each uncertainty source for the 
BSEL noise metric versus the BSEL corrected SNR of the mock recording. 
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Figure 4.5: Proportion of the total variance explained by each uncertainty source for the 
CSEL noise metric versus the CSEL corrected SNR of the mock recording. 
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Figure 4.6: Proportion of the total variance explained by each uncertainty source for the 
DSEL noise metric versus the DSEL corrected SNR of the mock recording. 
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Figure 4.7: Proportion of the total variance explained by each uncertainty source for the 
ESEL noise metric versus the ESEL corrected SNR of the mock recording. 
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Figure 4.8: Proportion of the total variance explained by each uncertainty source for the 
ZSEL noise metric versus the ZSEL corrected SNR of the mock recording. 
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Appendix 5: Tabulated proportion of the total variance explained by each 
uncertainty source for eight different noise metrics 
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Table 5.1: Proportion of the total variance explained by each uncertainty source for the PL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.2: Proportion of the total variance explained by each uncertainty source for the ISBAP noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.3: Proportion of the total variance explained by each uncertainty source for the ASEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.4: Proportion of the total variance explained by each uncertainty source for the BSEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.5: Proportion of the total variance explained by each uncertainty source for the CSEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.6: Proportion of the total variance explained by each uncertainty source for the DSEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.7: Proportion of the total variance explained by each uncertainty source for the ESEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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Table 5.8: Proportion of the total variance explained by each uncertainty source for the ZSEL noise metric for each corrected SNR bin, 
where the lower and upper edge of each bin is identified in column two.  
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