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A distinctive feature of many high-amplitude jet noise waveforms is the presence of acoustic shocks. Metrics

indicative of shock presence, specifically the skewness of the time derivative of the waveform, the average steepening

factor, and a new wavelet-based metric called the shock energy fraction, are used to quantify the strength and

prevalence of acoustic shocks within waveforms recorded 10–305m from a tetheredmilitary aircraft. The derivative

skewness is more sensitive to the presence of the largest and steepest shocks, whereas the average steepening factor

and shock energy fraction tend to emphasize aggregate behavior of the entire waveform. Thesemetrics are applied at

various engine conditions, over a wide range of angles and distances, to assess the growth and decay of shock waves.

This paper represents the first time that the development of these metrics is shown from the near field to the far field,

out to 305 m. The responses of these metrics point to significant shock formation occurring through nonlinear

propagation out to 76 m from the microphone array reference position. Although these strongest shocks decay past

35 m, continued shock formation and atmospheric absorption can make the steepened nature of the waveformmore

prominent out to 305 m.

Nomenclature

Cv = coefficient of variation
f = frequency, Hz
OASPL = overall sound pressure level, dB re 20 μPa
p = pressure
r = distance from the microphone array reference posi-

tion, m
t = time, s
WPS = wavelet power spectrum, Pa2∕Hz
θ = angle measured with respect to the aircraft nose
σp = standard deviation of the pressure waveform
σ∂p∕∂t = standard deviation of the first time derivative of the

pressure waveform

I. Introduction

O NE of the distinctive features visible in waveforms of super-
sonic jet noise is the presence of acoustic shocks or large

sudden increases in pressure. These shocks are often associated with
the auditory phenomenon called crackle [1] and serve as an additional

source of annoyance within jet noise. Some metrics tied to human
perception of noise have been applied to jet noise [2], but some issues
arise due to the steepened nature of the shocks [4]. The nature of these
shocks and their evolution in the noise field are dependent on their
physical properties and origins. Steepened waveforms exist near
the source [1,6], but it has also been shown that waveforms from
full-scale aircraft continue to steepen and form shocks further away
from the source due to nonlinear propagation [7,8]. One of the first
indications that nonlinear propagation played a role in far-field
effects was a lack of atmospheric absorption in the far field noticed
by Pernet and Payne [9] and later by Morfey and Howell [10]. The
steepening of waveforms and formation of shocks were also shown
by Blackstock [11] to increase at locations farther from the jet noise
source though his analysis did not incorporate atmospheric absorp-
tion. While the field of nonlinear acoustics has produced many tools
for accurately characterizing the nonlinear propagation [12,13],
many efforts have vied for metrics to quantify waveform steepening,
shock content, and crackle. One of the first attempts was performed
by Ffowcs Williams et al. [14] and was based on the statistical
measure of skewness of the pressure waveform distribution. Ffowcs
Williams et al. defined a distinctly crackling waveform as having a
skewness above 0.4. However, because shocks may exist without
affecting the skewness of the pressure waveform, defining crackle
based on the skewness of the waveform leads to an insufficient
definition [6]. A better quantification of waveform steepening and
shock content is needed as the ability to quantify the steepened nature
of jet noise waveforms enables a correct comparison of these impor-
tant characteristics between measurement locations, across engine
conditions, and among different experimental datasets.
Recent work in quantifying the steepening of a waveform has

concentrated on the presence of large derivative values associated
with shocks [15,16]. These efforts often rely on metrics calculated
from the waveforms. Such metrics may evaluate the time-domain
[17] or frequency-domain [10] characteristics of the waveform, and
have been applied to full-scale [6] and laboratory-scale [18,19] data.
However, one of the issues that arise from the use of metrics is their
interpretation. In many cases it is difficult to tell at what point a
waveform has steepened sufficiently to qualify as a shock and when
it has unsteepened enough to no longer be considered a shock. In
addition, some have pointed to the lack of physical meaning of
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metrics [6,20], making it difficult to interpret results and compare
between experiments.
Understanding these waveform steepening metrics has been

enhanced recently by theoretical and experimental analyses. In
model-scale work, Baars et al. [1] have shown values for various
metrics in the near-field of model-scale supersonic jet noise in an
attempt to locate the source of the shock-like behavior. Others,
including Muhlestein et al. [15] and Reichman et al. [16,21], have
quantified the connection between shock content andmetrics through
analytical derivations involving nonlinearly propagating, initially
sinusoidal signals and extended the derivations to noise phenomena.
This recent work not only helps provide physical context to values
seenwhen comparingmetrics, but also points to possible issueswhen
comparing experiments, e.g., relative sampling rates and extraneous
noise characteristics.
Investigation into the shock-related metrics continues in this

paper with an application to full-scale military aircraft noise mea-
sured over a large aperture. Time waveforms, associated spectra, and
a wavelet analysis show that steepening in waveforms continues as
distance from the source increases. Metrics to be calculated and
compared include the skewness of the first time-derivative of the
pressure waveform, the average steepening factor (ASF), and a new
wavelet-based metric called the shock energy fraction (SEF). This
represents for the first time that the SEF wavelet analysis has been
applied to military jet noise measurements. In addition, these analy-
ses represent for the first time that a connection has been made
between noise measured over such a large propagation distance—
from geometric near field to the far field of a military aircraft. These
analyses show that shocks and steepened portions of waveforms in
the far field of the F-35 are primarily formed through nonlinear
propagation.

II. Metrics Indicative of Nonlinear Propagation

Because of the broadband, complex nature of jet noise and its
extended source region, it is a challenge to define where nonlinear
propagation and shock formation occur.As such, attempts to quantify
the strength of shocks within jet noise have often concentrated on
nonlinearity metrics, single values expressing the shock content of a
waveform. These metrics can help as an easy comparison of the
steepened nature of waveforms, but when taken only one at a time
may underscore features that are emphasized within other metrics.
As such, this paper shows the time-domain metrics of derivative
skewness, ASF, and SEF, a new wavelet-based metric, to highlight
different aspects of the steepened waveforms.

A. Derivative Skewness

The skewness of the distribution of the first time-derivative of the
pressure waveform (estimated here via two-point finite difference) is
a statistical measure that assesses the overall steepness of a wave-
form. The skewness of a distribution is the third standardized
moment, defined as

Skfxg � E

��
x − μ

σ

�
3
�

(1)

where μ is the mean of the distribution and σ the standard deviation.
Nonzero skewness values, generally, express an asymmetry in a
distribution. The large derivative values associated with acoustic
shocks result in a derivative distribution in which there are many
slightly negative values with relatively fewer, but significantly larger
positive values. This type of distribution has a large, positive deriva-
tive skewness indicative of steepened waveforms. A positive deriva-
tive skewness has been used to show the presence of shocks in both
model-scale [1,18] and full-scale [22] analyses.
An advantage of thismetric, Skf∂p∕∂tg, is that it is dependent only

on thewaveform shape and independent of an arbitrary definition of a
shock, though low sampling rates may cause the true derivative
skewness to be underestimated [6,16]. Recent analytical work has
shown the derivative skewness values for initially sinusoidal signals
as the waveform steepens and unsteepens [16]. Using a criterion for

classifying shocks based on the rise time of the steepened sinusoid, a
wave in the preshock region can be considered shock-like at a
derivative skewness of 8.9, whereas a waveform in the postshock
region thickens and is no longer classified as shock-like at a derivative
skewness of 3.9. Other examples within jet noise confirm that
Skf∂p∕∂tg ~5 can signify the presence of shocks [6]. As such, this
value of Skf∂p∕∂tg ≥ 5 will serve as a threshold to indicate signifi-
cant waveform steepening and shock content, provided that the
sampling frequency exceeds the peak frequency of the waveform
by a factor of at least 100.

B. Average Steepening Factor

Another time-domain metric that has been used to quantify wave-
form steepening is the ASF, defined as the average value of positive
derivatives divided by the average value of negative derivatives. This
quantity was originally defined as the inverse, the waveform steep-
ening factor WSF � 1∕ASF, but it had the conceptual difficulty of
decreasing numerically as steepening increased. Muhlestein et al.
[15] derived analytical expressions for ASF for high-amplitude,
initially sinusoidal signals, and additionally showed values for non-
linearly propagating noise in a plane-wave environment. A non-
steepened waveform would have ASF � 1, whereas steepened
waveforms have higher values. Because the ASF is a linear mean
of derivative values it represents trends within the entire waveform
more than the derivative skewness, which accentuates the large
positive outliers. However, the ASF is also more susceptible to the
presence of extraneous noise than the derivative skewness [16]. Like
the derivative skewness, ASF has been used in both model-scale [1]
and full-scale [23] jet noise applications. It has been shown that in
both cases an ASF value between 1.5 and 2 is indicative of the
presence of shocks, with an ASF value approaching two suggesting
significant shock content [1,23].

C. Shock Energy Fraction

Though time-domain metrics can show the steepening that comes
about as a result of nonlinear propagation, the auditory perception of
shocks, crackle, is tied to increased high-frequency content. The
steepening of shocks in the time domain results in spectral broad-
ening in the frequency domain, as energy is transferred from the peak
frequency region to higher frequencies. As such, this metric is being
introduced to compare the frequency content of shocks with the rest
of the waveform. Although frequency content is often shown using
the more familiar Fourier transform, a wavelet transform has been
used in lab-scale jet noise analysis as a frequency-domain technique
that also gives temporal resolution [1]. Thewavelet analysis involves
a convolution of the waveform with a wavelet shape to give spectral
information that is time-resolved as well. The absolute value of this
convolution, similar to a Fourier transform, may be squared to give
the wavelet power spectrum (WPS), which if averaged over time
approximates the autospectrum.Many types ofwavelets exist, but for
this paper the Morlet wavelet is used to mirror previous studies [1],
where the wavelet analysis was used to show the association of high-
frequency noise with shock waves and to investigate the near field of
model-scale jet noise for evidence of shockwave origins.An example
of the wavelet transform applied to a waveform is shown in Fig. 1.
The example waveform, of F-35A noise for 150% engine thrust
request (ETR) at r � 76 m and θ � 135°, is shown in Fig. 1a and
has multiple shocks visible. The corresponding wavelet transform is
shown in Fig. 1b. In theWPS an increase in high-frequency energy is
visible at times corresponding to rapid increases in pressure. This
high-frequency energy in the WPS is indicative of acoustic shocks.
To also incorporate the high-frequency energy associated with

shocks, Baars andTinney [1] proposed ametric involving thewavelet
transform. This metric, a percent energy gain, used a shock detection
algorithm to find sharp compressive regions of the waveform. This
algorithm defined a shock as a derivative value above σp∕Δt, where
σp is the standard deviation of the pressure waveform and Δt is the
time between samples. After a shock was identified, which corre-
sponded to a single point, the temporal duration of the entire shock
was defined as the time from the local waveform minimum directly
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before the shock to the local waveform maximum directly after the
shock. The algorithm then compiled an average spectrum of theWPS
at the identified shocks. The average A-weighted spectrum of the
shocks was compared with the A-weighted spectrum of the entire
waveform to determine the percent increase in energy due to the
presence of shocks. This method has many interesting components,
but some changes can help results agree more fully with expected
shock behavior. One potential flaw in the percent energy gainwas the
application of the A-weighting to both the WPS and the waveform
spectrum to correlate more closely with human perception. However,
the A-weighting can reduce the effect of higher-frequency noise. The
shock detection algorithm was also shown in their paper [1] to be
invalid for some propagation angles, which likely caused anomalous
results. In addition, the spectral comparisons were performed based
purely on the WPS, disregarding the number of shocks present in a
waveform. Thismeans that one shockwithin a 10 swaveformmay be
given the same emphasis as a waveform with 100 shocks per second.
To improve upon the foundation provided by Baars and Tinney, a

new metric is proposed, the SEF. This metric bears similarities to the
percent energy gain but with key differences. First, this new shock
detection threshold (which is definedmore specifically in theAppen-
dix) is based on σ∂p∕∂t, the standard deviation of the waveform
derivative values. This emphasizes large derivative outliers, common
for acoustic shocks, while minimizing the effects of high-frequency
noise that potentially contaminated the shock detection algorithm
used previously. A threshold is set and portions of thewaveformwith
derivative values above this threshold are considered to be shocks.
Rather than compare spectra directly, a new approach is used that
accounts for time in a manner similar to sound exposure level (SEL)
[24]; both the WPS and the duration of time associated with the
number and length of shocks are used to define the SEF.
The primary difference in the WPS between the shock-containing

portions and the remaining sections is the prominent presence of
high-frequency sound, as seen in Fig. 1b. TheA-weighting applied in
Ref. [1]minimized the effects of low-frequency noise, which remains
consistent throughout the waveform and would otherwise dominate

the higher-frequency differences that occur at a much lower decibel
level. In contrast, the SEF is defined as an integral, not over the entire
frequency range, but starting at a low-frequency limit. The justifica-
tion for this lower-frequency limit can be seen in the coefficient of
variation, Cv, shown in Fig. 1c as a function of frequency f. This
coefficient is the normalized standard deviation of a function
Cv � σ∕μ, where σ is the standard deviation and μ is the mean value.
Though ill-defined for many acoustics applications due to the abun-
dance of zero-mean processes, Cv can be useful for energy-based
applications (where explicitly non-negative values can be assumed)
to show variation in a quantity. For the example waveform, Cv is
shown to vary little below 1 kHz, and increases more rapidly above
2 kHz; Cv increases due to the large difference in WPS values
between sections of the waveform with and without shocks. Using
this as motivation, the WPS is integrated only above 2 kHz, roughly
10 times the peak frequency, to show the fraction of high-frequency
energy associated with shock waves present in the waveforms.
With the above considerations, the SEF is defined as

SEF �
P

tshocks

Pfmax

fmin�2 kHz WPSΔfΔtP
t

Pfmax

fmin�2 kHz WPSΔfΔt
(2)

SEF is bounded between 0 and 1: SEF � 0 means that no high-
frequency energy is found in the shocks, or that no shocks are
observed above the detection threshold, and SEF � 1 m eans that
no high-frequency energy is observed outside of shock-containing
regions of the waveforms. The behavior of SEF is compared to the
derivative skewness and the ASF by application to the F-35 jet noise
measurements.

III. Measurement Details

A. Setup

The dataset examined in this paper was collected at Edwards Air
ForceBase, September 5, 2013. The experiment has been extensively
described by James et al. [24], but pertinent details are given here.
Noise measurements were taken as a tethered F-35A was cycled
through power settings ranging from idle to 150% engine thrust
request (ETR), or maximum afterburner. Each engine condition
was measured multiple times throughout the course of measure-
ments. The 235 uniquemeasurement locations, chosen in accordance
with ANSI S12.75, represent the largest full-scale dataset to date,
with microphones located as close as 10m from the shear layer out to
1220m away from themicrophone array reference position (MARP),
located 6.6 m behind the nozzle at (0, 0) in Fig. 2. Microphones were
arranged in either line arrays parallel to the jet centerline, or in
semicircular arcs centered at the MARP. As most of the noise
generated by supersonic jets is emitted from the turbulent mixing
that occurs behind the jet, the MARP represents a rough estimate of
source location for many frequencies of interest. For arcs at 38 m and
beyond, arc spacing of 5° between microphones was used in the
direction of peak radiation, between 120 and 160°. The ground
surface close to the MARP was the concrete and asphalt aircraft
pad, whereas terrain beyond roughly 50 m transitioned to a dry lake
bed and desert ground, providing a rigid ground surface.

Fig. 1 An example a) shock-containingwaveform, b) wavelet transform
of the waveform, and c) coefficient of variation for each frequency.

Fig. 2 Microphone measurement positions within 38 m of the MARP.
The dashed red line shows the θ � 135° radial.

REICHMAN ETAL. 4083

D
ow

nl
oa

de
d 

by
 B

R
IG

H
A

M
 Y

O
U

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

Ja
nu

ar
y 

2,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
06

03
07

 



The microphone locations within 38 m of the aircraft are shown in
Fig. 2, with the aircraft also included and shown to scale.Microphone
locations beyond 38 m are shown in later plots. In the areas of
maximum acoustic pressure, 6.35 mm (1∕4 0 0) microphones were
used, with sampling rates of either 192 or 204.8 kHz. At 305 m, in
the forward direction, waveforms were captured at measurement
locations from 0 to 40° and 60 to 80° using sound level meters.
The meters recorded time-history Waveform Audio File Format
(wav) files at a sampling rate of 51.2 kHz. Measurements were
conducted between 3∶00 and 9∶00 a.m. local time, with temperature
varying between 19.4 and 23.1°C, relative humidity between 37.6
and 45.7%, and an average wind speed of 3.3 kts.

B. Overall Sound Pressure Level

The directivity of jet noise and its dependency upon engine con-
ditions are key features of jet aircraft noise as shown in Fig. 3 for 50,
75, and 150%. Microphone locations within 38 m of the MARP are
shown in Fig. 2, and microphone locations at 76, 152, and 305 m are
shown as black dots on the plot of the overall sounds pressure level
(OASPL) in Fig. 3, with a polar interpolation scheme being used
to fill in the areas between microphone locations. More engine
conditions may be seen in Ref. [30] for the F-35B, which is acous-
tically similar to the F-35A shown here. In addition to the increase in
OASPL seen at higher engine conditions, a shift in directivity is also
observed. The OASPL peaks at 145° at 50% ETR, whereas the
directivity shifts forward, toward the nose of the aircraft, with
increasing engine power. At 75% the OASPL peaks at 135° from
the aircraft nose with the origin at the MARP, whereas at 150% it
peaks at 125°. In all cases, the far-field decay inOASPL is in linewith
expectations due to geometric spreading, though thiswill be explored
further in Sec. V.

IV. Evidence of Shock Formation

The shock quantification metrics introduced in Sec. II are shown
over the entire measurement aperture in this section. As the data were
recorded at each engine condition multiple times, the average value

between datasets is shown here, averaged over five measurements at
each engine condition. The results are shown at 50, 75, and 150%
ETR. As the nozzle diameter is on the order of 1 m, the spatial maps
extend to roughly 300 nozzle diameters, farther thanmost laboratory-
scale measurements [1,25], though some far-field laboratory-scale
measurements do exist [26].

A. Waveform Characteristics

As an introduction to shock formation due to nonlinear propaga-
tion, normalized waveforms are considered (Fig. 4), at distances of
19, 29, 38, 76, and 152m along the 135° radial, shown as a red line in
Fig. 2. These waveforms are shown as a function of retarded time to
demonstrate the evolution of waveform features with distance.
Because the waveforms are plotted on a normalized scale to accen-
tuate waveform evolution with distance, the maximum pressure and
derivative values are shown in Table 1.
Significant differences exist between the waveforms measured at

19 and 29 m, including small shocks present at 19 m (in particular
between 0.005 and 0.01 s) and other waveform shape issues that are
likely due to near-field propagation effects. However, the significant
features in the waveform are largely preserved from 29 out to 305 m,
and differences can mainly be seen due to nonlinear steepening. The
consistency between 29 and 305 m indicates that this measurement
radial is also a propagation radial. Themost noticeable change occurs
near 0.015 s, as the steepened portion of the waveform forms a
distinct shock by 38 m from the MARP. This shock persists all the
way out to 305m, though it does decay slightlywith respect to the rest
of the waveform.
Though the largest shock just after 0.015 s is well-defined by 38m

from the MARP, nonlinear propagation continues to affect the wave-
form out to 152 m. In particular, smaller amplitude sections of the
waveform, which are clearly not shock-like at 76 m, are significantly
steeper at 152 m (around 0.01 s, for example), though they begin to
slightly thicken by 305 m. Similar behavior was observed in the
propagation of noise from another aircraft by Gee et al. [27] for a
lower-power engine condition—the largest features steepen and form
shocks by 38 m, but smaller-amplitude sections of the waveform
continue to steepen beyond this distance. Thesewaveforms show that
shock formation within noise does not occur at a specific distance
from the source but is a continuous process that is dependent on the
amplitude and frequency content within each section of the wave-
form. To accurately characterize the nonlinear propagation and shock
formation of entire waveforms, it is useful to express the steepness
and shock characteristics of an entire waveform in single-value
metrics.
While the evolution of the waveform and its time derivative

provide evidence of nonlinear propagation producing shocks in the
far field of jet noise, it is difficult to know if the 0.02 s portion
represents the entire waveform. One way to examine the shock
content of the entire (30 s) waveform is a two-dimensional histogram
of derivative values, introduced by McInerny and Ölçmen for rocket
launch data [28]. In the plots shown in Fig. 5, each subplot represents
one waveform from Fig. 4. Each waveform is then broken up into
sections (as little as two consecutive points) where the pressure is
continuously increasing. The maximum derivative within each sec-
tion is plotted on the y axis against the total pressure increase over the
section, Δp, on the x axis. In a slight change from McInerny and

Fig. 3 OASPL within 305 m of an F-35A at a) 50% ETR, b) 75% ETR,

and c) 150% ETR.

Table 1 Maximum pressure and

derivative values for plots in Fig. 4

Distance, m
Maximum
pressure, Pa

Maximum
derivative, MPa/s

19 1,805 64
29 1,444 92
38 1,364 105
76 630 57
152 263 12
305 85 4.1

4084 REICHMAN ETAL.
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Ölçmen’s original plots, the results here are shown in a bivariate
histogram plot, similar to Muhlestein [29], to show not only where
derivativevalues are occurring, but also howmanyof themoccur. The
plots are also normalized according to σp and σ∂p∕∂t to allow for an
easy comparison between relative importance of shocks.
A few guiding lines are present in each of the subplots in Fig. 5 to

help with understanding. The dashed black line represents a two-
point shock, where the entire rise Δp occurs between two samples.
Though theoretically this should be the limiting case, bin discretiza-
tion causes some data points to appear above this line. For largeΔp, it
is safe to say that a two-point shock means that the sampling rate is
inadequate to accurately characterize shock characteristics. The red
dashed line, which corresponds to the line plotted by McInerny and
Ölçmen, is a factor of two lower than the black line and represents a
three-point shock. This line ismore indicative of limiting behavior for
large shocks due to sampling rate and low-pass filters implemented
by a data acquisition system. Finally, the cyan and green lines
represent the expected rise times when shock behavior is dominated
by different regimes of absorption. For the longer rise times associ-
ated with the green line, absorption is characterized by a combination
of thermoviscous losses and relaxation of both nitrogen and oxygen.
For shorter rise times (the cyan line) the relaxation of nitrogen can be
neglected. A more detailed explanation of the phenomena can be
found in McInerny and Ölçmen’s paper.
As the plots in Fig. 5 show increases in pressure from the entire

waveform, shocks can be compared with other, more gradual
increases to illustrate shock evolution relative to the rest of the
waveform. In Fig. 5a, 19m from theMARP, there are a small number
of two-point shocks with a large amplitude Δp. These two-point
shocks gradually disappear between Figs. 5a and 5d, but even out to
76 m in Fig. 5d the largest amplitudeΔp are still three-point shocks,

indicating that sampling rate and measurement effects are likely
limiting the rise time of these largest shocks. At 76 m significantly
more shocks have formed than were present at closer distances, as
evidenced by the change in color. At 152 and 305 m the shocks are
below the red dashed line, indicating that sampling rate is likely
sufficient for these distances. Another important behavior is the
relative increase of stronger shocks. As near-field shocks disappear
and coalesce at closer distances in Fig. 4, the remaining larger
features in the far field result in a larger number of points with
ΔP > σp with increasing distance. This is especially apparent in
Figs. 5e and 5f, where there are a large number of larger-amplitude
shocks. This behavior illustrates the steepening of smaller shock
features seen in Fig. 4 at distances of 152 and 305 m. These features
showmany of the behaviors identified in the discussion of Fig. 4, but
in the context of the entire waveform, and prepare us for an informed
discussion of the metrics introduced earlier.

B. Derivative Skewness

The presence and strength of the largest acoustics shocks are
readily shown by the derivative skewness, as evident in Fig. 6 at
50, 75, and 150% ETR. While the angular resolution of the data is
every 5° in the peak radiation direction, the radial distribution in
the far field is still rather coarse, with points at 76, 152, and 305 m.
Though the polar interpolation scheme used is more likely to
represent the physical phenomena present than a Cartesian scheme,
there are still likely interpolation effects that accentuate the dip seen
between 152 and 305 m, and more measurements are needed to
precisely characterize the behavior. However, the measured behavior
does indicate that at 150%, the derivative skewness decreases
between 76 and 152 m, then slightly increases between 152 and
305 m.

Fig. 4 Normalized, time-aligned waveforms and their normalized derivatives at 150%ETR along the 135° radial (red line in Fig. 2) at various distances
from the MARP.
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The derivative skewness values shown in the near field in Fig. 6 are
similar to those seen in other measurements of F-35 variants. Similar
values were shown for the F-35B in Ref. [30]. Some differences are
seen when comparing the values at 50 and 150% with those reported
by Gee et al. [6] for the F-35 AA-1. These differences are largely
explained by the differences in sampling frequencies between the
current study (192 or 204.8 kHz) and for the F-35 AA-1 study
(96 kHz).When thewaveforms from the current study are resampled,
the disagreements in large part disappear. For example, at 10 m from
the MARP at 130°, the resampled derivative skewness is 5.5, in
agreement with findings of Gee et al. At 38 m the resampled deriva-
tive skewness value drops from 22 to 16, which is closer but still
slightly elevated from the F-35 AA-1 result of 12.
Derivative skewness values depend on the engine power condi-

tions. The derivative skewness values at 50%, shown in Fig. 6a, are
not indicative of the presence of shocks. The 50% ETR power
condition derivative skewness peaks at a value of Skf∂p∕∂tg� 2.5,
below the threshold of ∼5 that indicates significant shock content
[16]. The near-field behavior of derivative skewness at 75 and 150%
ETRdiffers greatly from that at 50%.Although not clear in the figure,
at the closestmeasurement locations to theMARPalong the direction

of peak OASPL, the derivative skewness is approximately 7 or 8 for
both 75 and 150% ETR. In both cases, the derivative skewness
exceeds 20 at 76 m, and then decreases. This finding is in agreement
with the behavior seen in Fig. 4 that the largest shocks are forming
by 76 m from the MARP. However, important differences remain
between 75 and 150% ETR. The derivative skewness reaches a
slightly higher value at 150% of 27, compared with 25 at 75%,
though this difference is not likely significant. In addition, higher
derivative skewness values persist over longer distances at 150%. At
305 m, the derivative skewness at 75% has dropped below a value of
10, whereas it remains above 15 at 150%. Both of these values, while
lower than the peak derivative skewness seen at 76m, still indicate the
presence of significant shocks in the jet’s far field.

C. Average Steepening Factor

While the derivative skewness accentuates the positive outliers and
indicates the presence of the strongest shocks, the ASF is instead a
measure of average behavior and thus less sensitive to the less
frequent but extremely large derivative values. Similar to the previous
plots, at 50% ETR the low ASF values shown in Fig. 7a indicate that
although the jet noise is steepening slightly, it does not contain

Fig. 5 Bivariate histogram plots of pressure increases vs the maximum derivatives at a) 19 m, b) 28 m, c) 38 m, d) 76 m, e) 152 m, and f) 305 m at 150%
ETR. Dashed lines indicate two-point shocks (black), three-point shocks (red), and expected rise times when shock behavior is dominated by different
regimes of absorption (cyan and green).
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shocks. However, at 75% the ASF (in Fig. 7b) reaches values above
2 in the direction of peak OASPL, indicative of more significantly
steepened waves. The ASF is significantly higher at 150% ETR (in
Fig. 7c), reaching values of 2.5. SinceASF � 1 indicates a symmet-
ric distribution of derivative values, the comparison of ASF values
should be relative to 1. Thus, a value of 2.5 is roughly 50%more than
a value of 2, or �2.5 − 1� � 1.5 × �2.0 − 1�. The peakASF values are
seen near the peak OASPL values, occurring at 140, 130, and 120° at
50, 75, and 150%ETR, respectively, echoing the forward shift seen in
previously observed behavior [23].
One important clarification is that the behavior of theASF is highly

dependent on the type of noise being considered. In the analytical
paper describing ASF by Muhlestein et al. [15], a value of two was
reached by initially Gaussian noise without significant shocks
present. However, the waveforms shown here, despite having com-
parable ASF, are shown to have significant shocks by visual inspec-
tion and the high derivative skewness values.
Significant changes in spatial variation in ASF are seen between

the three engine conditions. At 50%, a slight increase is seen through
propagation away from the jet. At 75% the increase is much more
dramatic, peaking at 76 m before decreasing out to 305 m. However,
at 150% the ASF continues to increase along propagation radials
even out to 305 m. Because the ASF represents a linear average of
positive derivatives to the linear average of negative derivatives, it
does not accentuate the largest shocks, which cause the derivative
skewness to peak at 76 m. The continually increasing ASF out to
305 m at 150% ETR is due to continued nonlinear propagation, as
seen by comparing thewaveforms in Fig. 4. The nonlinear effects are
evident in continued shock formation, general waveform steepening,
and the persistence of shocks coupled with dissipation of high-
frequency energy not associated with shocks due to atmospheric
absorption. Over a distance of 100 m at the measurement conditions
listed above, the expected atmospheric absorption at 5 kHz is roughly
4.7 dB/100 m, 11.5 dB/100 m at 8 kHz, and increasing roughly
proportionally to the frequency squared at higher frequencies. This

means that at distances over 100 m from the source, frequency
content at frequencies above 10 kHz is in great measure due to the
shocks present in the waveform. As designed, the ASF indicates the
average strength of the shocks relative to the overall signal; ASF
continues to increase with distance as nonlinear propagation effects
continue to steepen the high-amplitude portions of the waveform
and atmospheric absorption reduces the lower-amplitude, high-
frequency portions of the waveform.

D. Shock Energy Fraction

If the attenuation of high-frequency energy not associated with
shocks is a cause of steadily increasing ASF values, this should be
readily seen in the SEF, since the SEF shows the fraction of high-
frequency energy (above2 kHz) associatedwith shocks. Spatialmaps
of the SEF are displayed in Fig. 8 at 50, 75, and 150%ETR. In Fig. 8a,
the lowSEFat 50%ETRagain confirms the lack of significant shocks
in the waveforms, though the values are nonzero in the direction of
peak OASPL. Similar to the other metrics, a large change in metric
behavior is seenwhen comparing 50 and 75%ETR.At 75% (Fig. 8b),
the increasing prominence of shocks is evident as the SEF increases
with distance to values above 0.1, meaning that the infrequent shocks
contribute more than 10% of the energy above 2 kHz. At 75% ETR
the SEF begins to decrease from 152 to 305 m, but in contrast the
150%ETR in Fig. 8c continues to increase to 305m, where it reaches
values of above 0.12. These values suggest that at 150% ETR the
acoustic shocks are a main contributor of high-frequency energy at
these distances from the source; high-frequency energy not associ-
ated with the shocks has likely been significantly attenuated due to
atmospheric absorption. This attenuation is also seen when compar-
ing the closest waveforms in Fig. 4 with those measured at farther
distances. In addition, the growth in SEF with distance points to the
persistence of nonlinear propagation and continued transfer of energy
to higher harmonics. If nonlinear propagation were negligible, the
SEF would remain constant or decrease as high-frequency energy is
absorbed at all sections of thewaveform equally, similar to 50%ETR.

Fig. 6 Derivative skewness near anF-35A at a) 50%ETR, b) 75%ETR,
and c) 150% ETR.

Fig. 7 ASF within 305 m an F-35A at a) 50% ETR, b) 75% ETR, and
c) 150% ETR.
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At 75% ETR, the decrease of SEF between 152 and 305 m indicates
that shocks are decaying and reducing in prominence. The increase
in SEF at 150% points to continued nonlinear propagation and
increased shock prominence when compared with the rest of the
waveform out to 305 m from the MARP.

E. Spatial Trend Summary

Though the above analyses show the prominence of shocks within
jet noise in different ways, together they form a cohesive picture of
continual nonlinear propagation away from the source of jet noise. At
150% ETR, all of the metrics suggest that the strongest shocks are
not present immediately at the source but form through nonlinear
propagation. The derivative skewness, emphasizing the largest pos-
itive outliers, peaks near 76 m, at which point the largest shocks have
formed and begin decaying. However, because a noise signal is a
complicated amalgamation of various frequencies rather than a sim-
ple sinusoid, shock formation is not limited to a particular spatial
range. Though the largest shocks form by 152 m, overall waveform
steepening and smaller shock formation continue to drive an increase
in values of ASF at 150% ETR. In addition, the rise in ASF is
attributable to the decay in lower-amplitude, high-frequency energy
not associated with shocks due to atmospheric absorption. This
increase in the relative prominence of the shocks is also seen in the
growth of SEF with distance. The evolution of these nonlinearity
metrics over this large spatial aperture provides conclusive evidence
that although some shocks exist in the near field of the jet noise
source, the strongest acoustic shocks form by 76 m and nonlinear
propagation persists out to at least 305 m from the MARP.

V. Nonlinear Metrics Along Radials

Though the spatialmaps presented in Sec. IVare an efficientway to
highlight trends associated with directivity and distance, there are
advantages in considering propagation along individual measure-
ment radials. Radial comparisons provide an easier way to see trends
across engine conditions and show metric values at specific points
without interpolation effects. Such comparisons allow for inspection
of specific features, such as the dip in derivative skewness seen in
Fig. 6, as well as a more quantitative comparison of values between
engine conditions. Presented in this section are plots of the metrics
considered in Sec. IVas a function of distance along a single radial.
These metric value, shown in Fig. 9, are not from a single measure-
ment, but an average of measurements throughout the experiment.
The metric values are compared across engine condition to establish
and reinforce trends seen in the spatial maps, including the growth of
the shocks near the jet source and continued shock formation and
propagation into the far field.
This section presents plots of the various metrics as a function of r

for the same three engine conditions shown above. At each engine
condition, the selected radial displayed corresponds to the angle in
the 305 m arc at which the greatest OASPL is measured: 145, 135,
and 125° at 50, 75, and 150%ETR, respectively. The different radials
account for the differences in the location of data points in the plots
of derivative skewness, ASF and SEF shown in Fig. 8, as well as the
OASPL in Fig. 8a. Results shown are an average over the 2-day
course of measurements.
The derivative skewness displayed in Fig. 8 shows a marked peak

at 76 m across all engine conditions. Although the derivative skew-
ness values at 50% do not suggest the presence of significant shocks,
the 75% derivative skewness peaks at 76 m with a value of 20. After
this point the derivative skewness decreases to 12 at 152mand further
decreases to 10 at 305 m. In contrast, the 150% derivative skewness
peaks at 76 m with a value of 28, decreases to a value of 15 at 152 m,
and then rises again to 18 at 305 m. The large decrease between 76
and 152 m is likely due to a combination of effects, including
propagation through a refracting, turbulent atmosphere, and the pres-
ence of vegetation in the propagation path. However, these changes
affect the derivative skewness more than the ASF, which is shown to
rise continually with distance at 150% ETR in Fig. 8c. The continual
rise of ASF and slight increase in derivative skewness between 152
and 305 m point to increased prominence of shocks in the waveform

Fig. 8 SEF near an F-35A at a) 50% ETR, b) 75% ETR, and c) 150%
ETR.

Fig. 9 The a) OASPL, b) derivative skewness, c) ASF, and d) SEF along
the peak radiation angle at 50%, 75%, and 150% ETR, with error bars
showing standard deviation.
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at far distances. The continued increase of ASF out to 305 m is in
part due to absorption of high-frequency noise not associated with
acoustic shocks. At closer distances, this “background” high-fre-
quency noise creates large positive and negative derivatives that
lower both the derivative skewness andASF belowwhat examination
of the shock content in the waveform suggests. However, as this
lower-amplitude high-frequency energy propagates and is attenuated
through atmospheric absorption, the remaining shocks are accentu-
ated in the ASF and SEF.
The attenuation of high-frequency energy is also apparent in plots

of the SEF, shown in Fig. 8d. The SEF at 50% remains more or less
constant, whereas at 75 and 150% the SEF grows with distance to
152 m. At 75%, SEF decreases slightly from 152 to 305 m; this
decrease appears to be related to a decrease in the number of shocks.
However, at 150% the SEF is, similar to theASF in Fig. 8c, increasing
with distance out to 305 m, confirming the reduction in high-fre-
quency energy not associated with shocks. One point to mention is
that the SEF is higher at most distances for 75% than 150%, indicat-
ing that the shocks are more significant in terms of high-frequency
contribution. This is likely due to a combination of effects, including
different directivity at the two engine conditions, the number of
shocks, and different spectral content. Though the derivative skew-
ness and ASF indicate that shocks are stronger at 150% than at 75%,
the SEF informs us that the shocks at 75% contribute more to
the high-frequency content of the entire waveform at 152 m and
closer.

VI. Conclusions

The various nonlinearity metrics considered in this paper point to
the conclusion that nonlinear propagation is an important factor in the
near-, mid-, and far-field environments of military jet noise. Though
some significant shocks exist at the closest measurement locations at
roughly 10 m from the MARP, the waveforms steepen and form
shocks through nonlinear propagation. The derivative skewness
indicates that the strongest shocks formby 76m, then slightly thicken
at greater distances. The continued growth ofASF points to nonlinear
propagation out to at least 305 m, likely due to the persistent steep-
ening of smaller features in the noise. The wavelet-base metric SEF
appears to be a useful nonlinearity metric showing the relative
importance of shocks in high-frequency energy. For the F-35, the
increase in SEF with distance indicates that high-frequency energy
not associated with shocks is attenuated through linear atmospheric
absorption. These analyses show that continued shock formation and
atmospheric absorption can make the steepened nature of the wave-
form more prominent out to 305 m.

Appendix: Shock Definition Thresholds

One question raised by the visual inspection of waveforms is how
to define and identify shocks. In periodic signals, a shock wave is
often defined based on the rise time of the shock relative to the
period of the signal. However, in noise signals this definition is not
valid, and instead a shock will be defined based on how large a
derivative is relative to the distribution of all derivative values.
Because the most important feature of a shock is the rapid rise, a
threshold based on the standard deviation of the derivative σ∂p∕∂t can
be used as a minimum value, above which the derivative is consid-
ered a shock. To better illustrate which features are included in
different shock definitions, the normalized waveforms shown in
Fig. 4 are shown again in Fig. A1 with specific shocks highlighted.
The shocks are color-coded according to the minimum threshold
that they satisfy; i.e., a shock that satisfies the threshold 15σ∂p∕∂t
also satisfies all thresholds below it. It can be seen that at the closest
measurement locations more shocks are present, but that the major-
ity of shocks are smaller, satisfying the threshold of 3σ∂p∕∂t or
5σ∂p∕∂t, whereas at further distances such as 152 and 305 m there
are fewer shocks, but they are now the most notable features of the
waveform. This may suggest that although nonlinear propagation is
the dominant factor behindwaveform steepening in the far field, the
mechanisms responsible for the shocks in the near field may be

different. The shocks highlighted in Fig. A1 also suggest that while
a threshold of 15σ∂p∕∂t does capture the most significant shocks,
it may omit some significant features, and thus a threshold of
10σ∂p∕∂t is preferable.
The SEF is dependent on shock threshold, and so it is logical

to investigate how the behavior of the SEF changes with the defi-
nition of shock thresholds. As more or fewer sections of the wave-
form are identified as shocks, how does the WPS associated with
shocks change? This question is answered in Fig. A2, where the
SEF at 150% along 135° is plotted for various thresholds, ranging
from 3σ∂p∕∂t to 15σ∂p∕∂t. Though the SEF for higher thresholds is
predictably lower as fewer points are included, the same general
trends apply in all cases. The SEF continues to increase out to 305m
in all cases, with the exception of 15σ∂p∕∂t, which peaks at 76 m.

Fig.A1 Shocks in the 150%ETRwaveforms fromFig. 4, categorizedby
strength.

Fig. A2 The SEF at an ETR of 150% and 135° as a function of distance
for various shock thresholds.
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This serves as evidence that even though the amplitude of the SEF
may vary with threshold, the trends remain that out to 305 m shocks
become relatively more important in terms of high-frequency
content.
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