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Acoustic shocks have been previously documented in high-amplitude jet noise, including both the

near and far fields of military jet aircraft. However, previous investigations into the nature and for-

mation of shocks have historically concentrated on stationary, ground run-up measurements, and

previous attempts to connect full-scale ground run-up and flyover measurements have omitted the

effect of nonlinear propagation. This paper shows evidence for nonlinear propagation and the pres-

ence of acoustic shocks in acoustical measurements of F-35 flyover operations. Pressure waveforms,

derivatives, and statistics indicate nonlinear propagation, and the resulting shock formation is signifi-

cant at high engine powers. Variations due to microphone size, microphone height, and sampling

rate are considered, and recommendations for future measurements are made. Metrics indicating

nonlinear propagation are shown to be influenced by changes in sampling rate and microphone size,

and exhibit less variation due to microphone height. VC 2018 Acoustical Society of America.
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I. INTRODUCTION

Community annoyance of military aircraft noise is due

not only to the high sound levels associated with high-

performance jet noise, but may also be influenced by its

sound quality. One component of the noise, crackle,1 is the

perception of acoustic shocks within the waveform.2 Due to

nonlinear propagation, these shocks and the high-frequency

energy associated with them persist to distances greater than

expected under linear assumptions.3,4 The nonlinear propa-

gation of jet noise serves to steepen the waveform and form

shocks, even well away from the source. Nonlinear propaga-

tion was originally identified as an explanation for the lack

of atmospheric absorption in far-field full-scale jet data5,6

and has since been confirmed through numerical modeling.7

Modeling efforts have shown the effects of nonlinear propa-

gation in both the temporal8–10 and frequency11,12 domains.

Many of the attempts to quantify the effects of nonlinear

propagation in jet noise waveforms have revolved around sta-

tistical quantities. When the phenomenon of crackle was first

discussed by Ffowcs-Williams et al.,1 the skewness of the

pressure waveform was proposed as a metric indicating the

presence of crackle, a measure that is still in use today.13,14

However, since crackle is associated with the presence of

shock waves, which have large positive derivative values,

more recent work has shown that the skewness of the first

time derivative of the pressure waveform, or derivative skew-

ness, is more connected to the presence of shock waves and

crackle.15,16 The derivative skewness has since been used to

show the steepened nature of nonlinearly propagated jet

noise.17,18 Other quantities, such as the average steepening fac-

tor (ASF)19,20 or frequency-based metrics have also been used

to quantify nonlinear effects.5,8 Most of these studies utilize

data collected in static jets or ground run-ups with a tethered

aircraft.21,22

Forward flight can significantly change the noise source,

but the impact of flight effects is not completely understood,

in particular with regards to nonlinear propagation. Several

significant studies have compared jet noise measured during

flyover operations with ground run-ups or lab-scale tests.

As early as the 1970s, spectra were measured during flyover

events,23 and later noise predictions were made based on

static measurements.24 Krothapalli et al.25 subsequently per-

formed model-scale tests in a wind tunnel to simulate for-

ward flight of a heated supersonic jet and found the wind

caused changes in far-field noise. Schlinker et al.26 per-

formed similar tests with installed chevrons to observe noise

reduction. In recent full-scale work regarding flyover mea-

surements, Seiner et al.27 used a linear array of microphones

to obtain narrowband spectra and validate noise predictionsa)Electronic mail: brent.reichman@gmail.com
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for F-18 flyover operations. In more recent work, Michel28

analytically predicted the effects of forward flight on mixing

noise, resulting in an increase in level due to “stretching of

the flow field of the jet.”

Fewer analyses exist examining the nonlinear character-

istics of jet noise while in flight.5,29 McInerny et al.30 used a

combination of time-domain and spectral methods to inspect

flyover data for evidence of nonlinear propagation and to

investigate effects of microphone height from ground level

up to 11.9 m (39 ft) above ground level. They concluded that

characteristics indicative of nonlinear propagation are seen

in flyover data, and that microphones should be placed off

the ground to ensure cleaner measurements.

This paper considers the nonlinear propagation of jet noise

produced by an F-35 aircraft during flyover operations. The

analyses begin by considering spectra, waveforms, derivatives,

and their probability density functions (PDFs) at low and high-

power engine conditions. Various time-domain nonlinearity

metrics are calculated for individual waveforms over multiple

measurement conditions, showing time-domain evidence of

nonlinear propagation at high-power conditions. Behavior of

these metrics as a function of microphone size and height and

sampling rate show that these measurement parameters impact

the various metrics differently. Recommendations are given

for future measurements and recommendations are made for

standard practices31 for high-performance military jet noise

measurements.

II. NONLINEARITY METRICS

To discuss nonlinearity and shock formation for noise

waveforms, the behavior of the entire waveform must be taken

into account. To gauge overall waveform behavior, metrics

are often based on the probability distribution function (PDF)

of the waveform or its derivative.8,15,32 Two such metrics are

used in this analysis: the skewness of the first time derivative

of the pressure waveform, also known as the derivative skew-

ness, and the ASF.

The skewness of a distribution expresses asymmetry of

the PDF and accentuates outliers due to the cubed nature of

the numerator. The skewness of a zero-mean variable x is

defined as

Sk xf g ¼
E½x3�

E½x2�3=2
; (1)

where E½x� represents the expectation value of x. A skewness

value of zero represents a symmetric distribution, while a

positive number indicates the presence of a higher number of

large positive values than negative. The skewness of the pres-

sure waveform was initially used to quantify crackle, an audi-

tory phenomenon associated with shock waves within jet

noise.1 However, to quantify shocks themselves it is more

useful to use the derivative skewness, which refers to the

skewness of the PDF of the first time derivative of the wave-

form and expresses an asymmetry in derivative values. The

derivative skewness accentuates the large derivatives (rapid

pressure increases) associated with shock waves and is indic-

ative of shocks forming due to nonlinear propagation.16 It has

been shown that a derivative skewness value greater than five

is indicative of significant shocks within a waveform.33

The ASF19 is also based on derivative values and defined

as the average value of the positive derivatives over the aver-

age value of the negative derivatives:

ASFfpg ¼ E _pþ
� �

E _p�½ � : (2)

The ASF, which is an inverse of the previously used Wave

Steepening Factor,34 is a linear average of derivative values,

which makes it less sensitive to outliers than the derivative

skewness, and thus better represents average behavior. An

ASF value of one represents a waveform with no significant

steepening, while a value above one represents some nonlinear

steepening.19 It has been shown that for jet noise, both full-

scale35 and model-scale,18 that an ASF value between 1.5 and

2 is indicative of the presence of shocks, with a value

approaching two suggesting significant shock content.

III. FLYOVER MEASUREMENT SETUP

The dataset considered was part of a larger measurement

of F-35 flyover events at Edwards Air Force Base in 2013.

The data shown are from the F-35A but are representative of

the F-35B as well.36 The F-35A flew between two cranes,

one located 305 m (1000 ft) north of the flight path, and one

located 305 m (1000 ft) to the south. Flights were performed

at several engine conditions, ranging from 15% engine thrust

request (ETR) to 150% ETR. The height of the aircraft var-

ied during each measurement, with some constant altitude

flights at 76, 152, and 305 m (250, 500, and 1000 ft) and

other flights with the aircraft climbing to maintain constant

velocity at high engine power conditions.

Measurements were performed according to ANSI

S12.75,31 which outlines procedures for full-scale military air-

craft noise measurements in both static and flyover cases.

While this standard involves calculating directivity of the noise

and requires microphones at various locations, one of the pur-

poses of this paper is to highlight differences due to measure-

ment considerations. The measurement involved microphones

of different sizes, heights and locations around the aircraft.

However, at the north tower redundant 1/2 and 1/4 in. micro-

phones were placed at several heights between 0 and 91 m,

giving an ideal comparison. Thus, to reduce other variations

and highlight the differences in question, this paper concen-

trates on microphones from the north crane, located 305 m

(1000 ft) from the flight path of the aircraft. Prepolarized pres-

sure microphones from G.R.A.S. Sound and Vibration were

suspended at various heights from a caving ladder hanging off

of the crane, as shown in Fig. 1. All microphones were pointed

directly up, giving a nearly perpendicular angle of incidence

(615�) as the aircraft flew by at a height of 76 m (250 ft), ideal

for measurements with pressure microphones to ensure accu-

rate estimation of shock amplitude.37 At several heights, specifi-

cally 0, 9.1, 30.5, 61.0, and 91.4 m (0, 30, 100, 200, and 300 ft),

two microphones were placed side by side, roughly 0.13 m (6

in.) apart. The two microphones consisted of one 40BD

6.35 mm (1/4 in.) microphone38 with a 26CB preamplifier and
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one 46AO 12.7 mm (1/2 in.) microphone.39 The 40BD micro-

phones have a flat frequency response within 2 dB up to

70 kHz and the 46AO microphones up to 20 kHz. Though wind

speeds were low (4 knots or less) during flyover events the 1/2

in. microphones had wind screens placed on them.

Temperatures during the measurement ranged from 16.3 �C to

34.6 �C. Relative humidity ranged from 17.3% to 37.7%, while

atmospheric pressure remained nearly constant at 0.92 atm.

IV. CHARACTERIZING NONLINEARITY IN FLYOVER
WAVEFORMS

Evidence of nonlinear propagation can be found in indi-

vidual waveform segments as well as statistical measures that

represent the entire event. In the remainder of this paper, evi-

dence for nonlinear propagation is found by comparing wave-

forms and their derivatives between engine conditions. The

presence of shock waves in the waveforms themselves is

shown, as well as statistical measures indicating the overall

steepness of the waveforms. Waveforms and statistics are com-

pared for both low and high-power operating conditions. The

comparison is presented for a 1/4 in. microphone located 91 m

(300 ft) above the ground. The distance from this microphone

to the aircraft, rðtÞ, and the angle of the microphone relative to

the nose of the aircraft, h, are shown for example flyover events

in Fig. 2. The aircraft position is plotted relative to the time t,
with t ¼ 0 representing the point of closest approach between

the aircraft and microphone. For both the low and high-power

cases the aircraft was flying 76 m (250 ft) above ground level,

giving a point of closest approach of roughly 305 m.

A. Waveforms and derivatives

A comparison of characteristics of waveforms measured

at various ETR settings allows for a clear indication of

nonlinear behavior. A sample of each waveform at the time

of maximum overall sound pressure level (OASPL) is shown

in Fig. 3(a) for 55% ETR and in Fig. 3(b) for 150% ETR.

The peak pressures increase by nearly a factor of 10 from

the 55% ETR case to 150% ETR case. In addition to the

increase in pressure, sharp compressive pulses are seen for

FIG. 1. (Color online) An F-35 flying between two cranes, each located

305 m (1000 ft) from the flight path of the aircraft. Microphones were hung

from the 91.4 m cranes at multiple heights, with five heights having redun-

dant 1/2 and 1/4 in. microphones.

FIG. 2. The distance from the microphone to the aircraft rðtÞ and angle of

the microphone relative to the nose of the aircraft hðtÞ for example flyover

events at (a) 55% ETR and (b) 150% ETR. This microphone was located

91.4 m above ground level, hung from a crane located 305 m north of the

flight path of the aircraft.

FIG. 3. (Color online) Waveforms from (a) 55% ETR, (b) 150% ETR,

and (c) the spectra from each. Sharp compressions, or shock waves, are seen

in the high-power waveform and produce the relative increase in high-

frequency content.
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150% ETR: The pressure increases dramatically over a short

period of time. These steepened sections of the waveform

are shocks, sharp increases in pressure occurring over a

period on the order of tens of microseconds. Shocks have a

significant impact on the spectrum, shown in Fig. 3(c), calcu-

lated over the 0.5-s block containing the maximum OASPL.

At this distance, over 300 m from the aircraft, atmospheric

absorption at high frequencies has a large effect. This is evi-

dent at 55% ETR, as the high-frequency levels decrease

exponentially above 1 kHz. However, at 150% ETR, the

spectral shape has changed dramatically. Although the spec-

trum peaks at roughly the same frequency as at 55% ETR,

the same high-frequency roll-off is not observed. This appar-

ent lack of atmospheric absorption is what initially led

Pernet and Payne,4 and later Morfey and Howell,5 to suspect

that nonlinear propagation had a significant spectral effect

on jet noise.

B. Flyover waveforms

Although individual shocks at over 300 m from the aircraft

show the steepened nature of flyover waveforms, characteris-

tics of the entire waveform are needed to gauge overall trends.

The waveform from the entire 55% ETR flyover event, its time

derivative, and their respective probability density functions

are shown in Fig. 4, for the same microphone used in Fig. 3.

The pressure waveform is shown in Fig. 4(a), with the 6-dB

down region highlighted in black. [The 6-dB down region con-

tains the times when the root mean square (rms) level is within

6 dB of the peak rms level.] At this distance and low engine

power, the pressure peaks near 10 Pa, with a symmetric distri-

bution centered around 0 Pa. The time derivative of the wave-

form, shown in Fig. 4(c), appears skewed, with negative values

reaching�20 kPa/s and positive values reaching approximately

35 kPa/s. The difference between these two distributions is

more obviously seen in the plots of the PDF (Ref. 40) of the

6-dB down portion of the waveform and its derivative, shown

in Figs. 4(b) and 4(d), respectively. These plots are shown with

respect to rp and r@p=@t, the standard deviation of the pressure

waveform and its derivative, respectively. While the PDF of

FIG. 4. (Color online) (a) The waveform measured at a location 305 m away

from an F-35A flying at 55% ETR at 76.2 above the ground. (b) The PDF of

the 6-dB down portion of the waveform, shown as a function of the pressure

standard deviation r. (c) The time derivative of the waveform. (d) The PDF

of the derivatives from the 6-dB down portion of the waveform as a function

of the derivative standard deviation r@p=@t.

FIG. 5. (Color online) (a) The waveform measured at a location 305 m away

from an F-35A flying at 150% ETR at 76.2 m above the ground. (b) The

PDF of the 6-dB down portion of the waveform. (c) The time derivative of

the waveform. (d) The PDF of the derivatives from the 6-dB down portion

of the waveform.
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the pressure waveform is roughly symmetric about 0, the PDF

of the derivative shows larger positive derivatives than nega-

tive. Though the slightly skewed PDF of the derivative sug-

gests that waveforms are steepened, the difference between

positive and negative derivative values is not large enough to

suggest the presence of acoustic shocks.33

Contrasting waveforms between different engine condi-

tions confirms the presence of nonlinear propagation at high-

power engine settings. Figure 5 shows a waveform from the

same microphone as Fig. 4, but with the aircraft operating at

150% ETR instead of 55%. At 150% ETR, the pressure wave-

form amplitude reaches values more than five times that of the

lower power setting, over 50 Pa, but the starkest difference is

in the derivative values. The greatest positive derivative val-

ues peak at 2 MPa/s, and although the pressure waveform PDF

shown in Fig. 5(b) is still nearly symmetric about 0 Pa as in

far-field ground run-up measurements,41 the PDF of the wave-

form derivative shows a much higher positive asymmetry,

with some positive derivative values reaching over 100 stan-

dard deviations.

C. Metrics characterizing nonlinear propagation

The quantities discussed in Sec. II—the derivative skew-

ness and ASF—are calculated along with OASPL from the

0.5 s blocks of the waveforms shown in Figs. 4 and 5. These

statistics are investigated as a function of time, with 80% over-

lap between blocks, and are shown in Fig. 6 for 55% ETR.

Figure 6(a) shows the OASPL as a function of time, with the

OASPL peaking shortly after the aircraft passes over. The

derivative skewness and ASF of Fig. 6(b) and 6(c), respec-

tively, both peak within this 6-dB down region, indicating

steepened waveforms. The low value of the peak of the deriva-

tive skewness at Skf@p=@tg ¼ 0:8 indicates that the waveform

is steepened but does not contain significant shocks.33 The

peak ASF value of 1.22 confirms this assessment, suggesting

steepened waveforms but not the presence of shocks through-

out the 6-dB down region of the waveform. Thus, for this low-

power case at 55% ETR, most of the statistics confirm conclu-

sions drawn from the waveform and its PDF. Figure 6(d)

shows the position of the aircraft as a function of time, includ-

ing both the distance rðtÞ and the angle of the microphone

with respect to the aircraft nose, hðtÞ. The OASPL, derivative

skewness, and ASF all peak shortly after the point of closest

approach, at an angle of approximately 140� due to the direc-

tivity of the jet noise source.

In contrast with the lower-power case, high-power flight

results in the presence of acoustic shocks. Figure 7 shows

statistics of the waveform from Fig. 5, when the aircraft is

FIG. 6. (Color online) Statistics of the 55% ETR flyover waveform shown

in Fig. 4(a), specifically the (a) OASPL, (b) derivative skewness, (c) ASF,

and (d) the distance from the aircraft to the microphone, rðtÞ and the angle

of the microphone relative to the aircraft nose, hðtÞ. The 6-dB down region

is highlighted in parts (a)–(c).

FIG. 7. (Color online) Statistics of the 150% ETR flyover waveform in Fig.

5(a), specifically the (a) OASPL, (b) derivative skewness, (c) ASF, and (d)

the distance from the aircraft to the microphone, rðtÞ and the angle of the

microphone relative to the aircraft nose, hðtÞ. The 6-dB down region is

highlighted in parts (a)–(c).
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operating at 150% ETR. The derivative skewness in Fig. 7(b)

reaches much higher values during this event, up to Skf@p=
@tg ¼ 14:3, indicating the presence of significant shocks, even

at 305 m from the aircraft flight path. The ASF also shows a

higher peak in Fig. 7(c), with a value of 2.4 for the high-power

case, indicative of significant shock content, versus 1.22 for

the low-power case. Since the ASF is a ratio of positive deriva-

tives to negative, a Gaussian waveform has an ASF of 1,

meaning an ASF of 2.4 is much steeper than an ASF of 1.22.

Also of note is the fact that the ASF peaks before the deriva-

tive skewness, meaning slightly closer in the forward direction

relative to the nose of the aircraft; while the OASPL peaks

when the microphone is at 115� from the nose of the aircraft,

the ASF peaks at 122� and the derivative skewness at 130�.
The relative angles between the peaks of the statistical metrics

agree with previous findings from ground run-up analysis that

the ASF peaks more in the forward direction than the deriva-

tive skewness, but these angles are roughly 10� more in the

forward direction compared to ground run-up data.8

This comparison between waveforms from the low and

high-power engine conditions reveals a fundamental change

in characteristics of the noise as engine power increases. The

sharp, compressive shocks present at 150% ETR are notice-

ably absent at 55%. This analysis, which helps show nonlinear

steepening as the source of high-frequency energy at large dis-

tance from the source, points to the importance of nonlinear

propagation effects in the far field of flyover measurements.

V. DATA ANALYSIS

While the two waveforms examined in detail above pro-

vide a basis of discussion for nonlinear characteristics in fly-

over waveforms, a larger dataset is needed to establish more

general trends. The following sections examine the OASPL,

derivative skewness, and ASF from the entire course of mea-

surements, featuring five to six flyover events at 40%, 55%,

75%, 100%, and 150% ETR. Statistics are considered from

microphones of different sizes, sampling rates, and heights.

To present data from all of these conditions, statistics shown

are calculated from the 6-dB down region of each waveform.

A. Engine condition

A relatively well-known but important conclusion from

the waveform discussion above is that the OASPL increases

for higher-power operating conditions. The low-power case

had a peak OASPL of 100 dB, and the high-power case

peaked at 120 dB. As was also observed, the higher OASPL

also results in an increase in nonlinear propagation and the

presence of shocks at large distances away from the aircraft.

A connection was made between nonlinear propagation and

an increase in high-frequency energy in Fig. 3 for two exam-

ple waveforms. This effect is shown for all spectra from fly-

over events at engine conditions ranging from 40% ETR to

150% ETR in Fig. 8. Microphone heights ranged from 0 to

91 m and there were five to six flyover events at each engine

condition. Individual spectra are shown for each engine con-

dition as thin, lighter lines, while thicker darker lines repre-

sent the energetic average from each ETR. Of particular note

is the slope of the high-frequency spectrum, in particular

from 2–6 kHz, which decreases steadily with increasing

engine condition, from �70 dB/decade at 40% and 55% ETR

to �39 dB/decade at 75%, �31 dB/decade at 100%, and only

�21 dB/decade at 150% ETR. This change in high-frequency

energy, at distances of over 300 m from the source, shows

that with increasing thrust comes an increase in nonlinear

effects in the frequency range.

The increase in nonlinear effects with higher engine power

is also shown by comparing nonlinearity metrics. The relation-

ship between the increase in OASPL and increases in the

nonlinearity metrics can be seen in Fig. 9. The derivative skew-

ness, shown in Fig. 9(a), and the ASF, in Fig. 9(b), are plotted

FIG. 8. (Color online) Spectra from the north tower at varying engine condi-

tion. Spectra from individual waveforms are shown in lighter lines, while

the average at each engine condition is shown in a thicker, darker line.

FIG. 9. (Color online) Nonlinearity metrics of waveforms recorded from dif-

ferent flyovers on microphones of different size, specifically the (a) deriva-

tive skewness, and (b) ASF. Statistics are calculated from the 6-dB down

region of each waveform. The level and derivative skewness values increase

with engine condition, and a large spread in derivative skewness values is

seen at 150% ETR.
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with respect to the OASPL, with statistics calculated from

the 6-dB down region of the waveform. A clear trend is seen

with increasing OASPL, as both metrics tend to increase. The

increase in derivative skewness with OASPL appears almost

exponential, with much larger values at 150% ETR than at

100% or below. At 100% and below, derivative skewness val-

ues are all below 5. These lower values indicate that significant

shocks are not present at this location at 100% ETR and

lower.33 Interestingly, a wide spread of values is observed at

150% ETR, with derivative skewness ranging from 5 to 25.

This large range of values could be due to multiple factors,

including variations in distance from the aircraft to the micro-

phone, changing weather conditions, a turbulent atmosphere

changing shock characteristics,42,43 natural variation due to the

small sample size over which the statistics are calculated, and

various measurement considerations. However, in all cases the

derivative skewness at 150% exceeds the values seen at lower

ETR conditions, suggesting that the most significant shocks are

likely to be found when the aircraft is operating at afterburner.

B. Microphone size

The high-frequency energy associated with acoustic

shocks may be affected by the frequency response of differ-

ently sized microphones.31,37 For this investigation, waveforms

at 150% ETR from two microphones placed 6 in. from each

other, one 1/2 in. diameter and the other 1/4 in., allow for an

easy comparison between similar waveforms. The similarity

between the two microphones is seen in Fig. 10(a), where the

waveforms from a 1/4 in. microphone [same as shown in Fig.

5(a)] and its neighboring 1/2 in. microphone are plotted. The

waveforms nearly overlay each other, and the PDFs of the

pressure waveforms in Fig. 10(b) are nearly identical. This

shows that for pressure or level-based measurements, the two

microphones are essentially equivalent. However, small differ-

ences in the waveforms have a more noticeable impact on a

few of the time derivative values in Fig. 10(c), and the PDFs

of the waveform derivatives in Fig. 10(d) show differences for

the largest derivative values. The waveform from the 1/4 in.

microphone exhibits higher derivative values, with some deriv-

ative values over 100 r@p=@t, while the highest derivative val-

ues from the waveform from the 1/2 in. microphone are at 80

r@p=@t. The presence of larger derivatives in the 1/4 in. micro-

phone show that the largest derivative values associated with

acoustic shocks may be underestimated by larger microphones.

Differences in the waveforms due to microphone size also

affect nonlinearity indicators. To quantify the effect of micro-

phone size, statistics from 1/4 and 1/2 in. microphones are

shown in Fig. 11 as a function of OASPL for multiple flyover

tests at engine powers ranging from 15% to 150% ETR, with

more than 10 repetitions at each ETR condition. Microphones

were included from five heights ranging from 0 to 91.4 m.

Although this gives a slight difference in distance between

microphones, the largest difference in distance between the

microphone at 91.4 m and the microphone at ground level is

less than 9 m when the aircraft is flying at 76 m above ground.

Statistics are calculated for the 6-dB down region for each

microphone and flyover event. Figure 11(b) shows that the

derivative skewness measured by the 1/2 in. microphone is

limited to a value of about 10 while those for the 1/4 in. micro-

phone tend to reach 15 (the small differences seen in the PDF

of the derivative in Fig. 10(d) result in higher values for the

derivative skewness, which accentuates the presence of out-

liers). At the highest engine power conditions, near 120 dB

OASPL, derivative skewness values peak at 12.5 for the 1/2

in. microphones, while the derivative skewness values from

the 1/4 in. microphones reach up to 25. Thus, 1/4 in. micro-

phones (or smaller) should be used to measure high-power jet

noise or if the source has a higher peak frequency, as is the

case in model-scale jet noise, and in that case rise time is

still likely to be limited by transducer size when using 1/4 in.

microphones.

It is interesting to note that the difference in microphone

size does not appear to affect the ASF, shown in Fig. 11(c).

The ASF is a linear average of derivative values, while the

derivative skewness is raised to the third power and accentu-

ates the largest derivative values. Therefore, microphone

size may be less important if ASF is used to quantify wave-

form steepness.

The derivative skewness values shown in Fig. 11(a) repre-

sent a wide range of values that make a comparison between

microphone sizes difficult to quantify. The difference in values

FIG. 10. (Color online) Comparison of (a) a portion of a waveforms, (b) the

PDF of the 6-dB down portion of the waveform, (c) the waveform deriva-

tives, and (d) the PDF of the 6-dB down portion of the derivatives from

microphones at the same location. The aircraft was operating at 150% ETR.
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is much easier to see when the derivative skewness values are

fit to a curve. In this case a simple exponential fit is used

because it accurately captures the behavior. Two fits were

found, one from data recorded using the 1/2 in. microphones,

and one from the data recorded using 1/4 in. microphones, and

plotted on top of the original data in Fig. 11(c). Though there

is a wide spread of values for OASPL> 115, the curve por-

trays a reasonable average behavior. The two curves are nearly

identical below 110 dB, but above this level, which corre-

sponds to the aircraft operating at 150% ETR, they diverge

slightly. This difference, while not large, shows that micro-

phone size has a measureable effect on the measurement of

high derivative values.

C. Sampling frequency

An important measurement detail that can have a signifi-

cant impact on the estimation of nonlinearity indicators is sam-

pling frequency. An inadequate sampling frequency not only

limits bandwidth, but it also enforces a minimum resolvable

rise time that may be insufficient to accurately gauge the

nature of some acoustic shocks. To investigate the effects of

sampling rate on derivative skewness, the 6-dB down regions

of the high and low-power waveforms from Figs. 4(a) and 5(a)

have been downsampled to lower sampling rates. The deriva-

tive skewness of the resampled waveforms is shown in Fig.

12(a) as a function of the new sampling rate. The 55% ETR

case, where the waveform has slightly steepened but contains

no significant shocks, was originally sampled at 102.4 kHz

while the 150% ETR case was sampled at 204.8 kHz. The

low-power measurement, despite the lower sampling rate,

accurately captures the steepened nature of the noise, as evi-

dent by the fact that resampling yields very little change in

derivative skewness until the sampling rate is below 20 kHz.

The high-power measurement shows some change even as

the sampling rate is lowered from 200 to 100 kHz, as the deriv-

ative skewness drops from 8.6 to 8.1. A change this small indi-

cates that a sampling rate of 200 kHz is likely sufficient, but

below 100 kHz the derivative skewness drops off more rapidly,

with a value of 6.8 at 50 kHz and 4.5 at 20 kHz. Recent work

by Reichman et al.33 recommends a sampling rate of roughly

100 times the peak frequency of an initial sinusoid to accu-

rately gauge derivative skewness. However, in this situation,

the peak frequency of the noise is 100–200 Hz, and a sampling

rate of 100 kHz may still be insufficient to observe the largest

shocks. Thus, in the case of high-amplitude broadband noise,

the recommendation of sampling at 100 times the peak

FIG. 11. (Color online) Nonlinearity metrics of waveforms recorded from

different flyovers on microphones of different size, specifically the (a) deriv-

ative skewness, and (b) ASF. Statistics are calculated from the 6-dB down

region of each waveform. (c) The data for each microphone size are fit to

curves overlaid on top of the data points.

FIG. 12. (Color online) The importance of sampling rate when estimating

nonlinear parameters of shock-containing waveforms. The (a) derivative

skewness and (b) ASF of the 6-dB down portion of the waveforms from

Figs. 4(a) and 5(a) is calculated as the waveforms are resampled to lower

sampling rates.
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frequency may fall short, and sampling rates of at least 500

times the peak frequency of the noise may be required to accu-

rately calculate the derivative skewness.

While the derivative skewness, with its large emphasis

on the steepest shocks, is affected significantly by a reduced

sampling rate, the ASF is much more robust. The ASF of

the 150% ETR waveform, shown in Fig. 12(b), remains at a

nearly constant level as the waveform is downsampled, even

to a value of 20 kHz, a tenth of the original sampling rate. This

downsampling reduces the derivative skewness by more than a

factor of 2, while the ASF is unchanged. Thus the importance

of sampling rate depends on the behavior that needs to be iden-

tified. While the overall steepness of a waveform can be

resolved with lower sampling rate, to accurately capture the

largest shocks, sampling rates of 100–200 kHz should be used.

The reduction in derivative skewness due to an inadequate

sampling rate can be observed in more than a single waveform.

To illustrate this for all data, the data points of derivative

skewness as a function of OASPL were fit to an exponential

curve, similar to the process used to create Fig. 11(c). All of

the represented waveforms were then downsampled, the deriv-

ative skewness was calculated from the downsampled wave-

form, and the data points were again fit to an exponential

curve. The curve fits of the downsampled data are shown in

Fig. 13(b), for new sampling rates of fs ¼ 102:4, 51:2, 20:5,

and 10:2 kHz. Solid lines represent data from 1/4 in. micro-

phones, while dashed lines are from 1/2 in. microphones.

As the sampling rate is reduced from 204.8 to 102.4 kHz

for the data from 1/4 in. microphones, only minimal differ-

ences are seen at the highest values. Though the individual

data points are not plotted here at each sampling rate, it is

worth noting that the small changes here occur at only the

largest outliers, the points in Fig. 11(c) that have Skf@p=@tg
� 15. As the sampling rate is further reduced to 51.2 kHz,

a more noticeable decrease at the largest values is observed.

Once again, this decrease is due to changes in the larger

points in Fig. 13(a), and points that are closer to Skf@p=@tg
¼ 5 are essentially unaffected by the resampling. For very

low sampling rate of 20.5 and 10.2 kHz, drastic reductions in

derivative skewness are seen, even for relatively low deriva-

tive skewness values. While these low sampling rates are not

likely to be seen in practice in full-scale military jet noise,

it is worth noting that 10–20 kHz is roughly 100 times the

peak frequency of the signal, and thus the earlier recommen-

dation from Reichman et al.33 may fall short for the case

of jet noise. The trends observed are similar for 1/2 in.

microphones, but with less of a difference between 102.4

and 51.2 kHz. It is important to note that sampling at a sam-

pling rate of 51.2 kHz with a 1/4 in. microphone gives a

similar curve to sampling at 204.8 kHz with a 1/2 in. micro-

phone, suggesting that using a large microphone has a simi-

lar effect to reducing sampling frequency. In summary,

when the amplitude and steepness of the largest shocks must

be accurately characterized, such as obtaining an estimate of

the derivative skewness, it is important to have a high sam-

pling rate. However, when the ASF or similar metrics are

used, sampling rate is less of an issue.

D. Height

According to ANSI S12.75-2012, the standard for air-

craft flyover measurements, microphones at different heights

are used to assess azimuthal directivity.31 However, because

the source and receiver are now both operated above ground

there are multi-path interference nulls as well as other possi-

ble phenomena that may affect the presence of acoustic

shocks. This brings about a need for an analysis of nonlinear

indicators as a function of microphone height. The statistics

of the 1/4 in. microphones (as shown in Fig. 11) are identi-

fied by height in Fig. 14. These statistics appear to be fairly

constant for heights between 9.1 and 91 m. The derivative

skewness in Fig. 14(a) shows an invariance with height

above 9.1 m. At OASPL¼ 115 dB, the derivative skewness

ranges from roughly 5–15, but this variation occurs at all

microphone heights. The ASF exhibits a similar behavior as

illustrated in Fig. 14(c). The similar values across all heights

show that the presence of acoustic shocks is relatively unaf-

fected by measurement height, especially above 9.1 m.

Though the behavior of these statistical metrics appears

to be consistent between 9.1 m and 91 m, some slight varia-

tions are seen in at the 0 m microphone. One height-dependent

trend that is noticeable is the fact that data points measured at

0 m are consistently associated with an OASPL roughly 3 dB

higher than other points. The ground microphone measures

pressure doubling, as the incident and reflected waves are

perfectly coherent across all frequencies, leading to a 6 dB

increase compared to a free-field wave. However, the elevated

microphone receives both the incident and reflective wave,

which are emitted at different times and locations. These

FIG. 13. (Color online) The effects of resampling on trends for derivative

skewness with two different microphone sizes. Waveforms were separated

according to microphone size and then resampled to various lower sampling

rates. Derivative skewness values were fit to a curve and plotted against the

OASPL. Solid lines represent data from 1/4 in. microphones, and dashed

lines from 1/2 in. microphones. The 204.8 and 102.4 kHz lines for 1/2 in.

microphones lie almost directly on top of each other.
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differences result in significantly lower spectral coherence.

The resulting spectrum may have interference effects at cer-

tain frequencies, but the lower coherence allows their energies

to be effectively combined incoherently, which results in an

approximate 3 dB increase compared to a free-field wave.

Comparing these two different reflection effects provides the

observed difference of �3 dB OASPL between the ground

and elevated microphones. For the clusters of points centered

at 109 and 117 dB for heights 9.1–91.4 m, the corresponding

OASPL of the 0 m microphones is centered at 112 and

120 dB. Though not as noticeable, it appears that some deriva-

tive skewness values for the 0 m microphones at 120 dB are

slightly lower than corresponding microphones. This behavior

has been previously reported by McInerny et al.,30 who

showed that some of the largest derivative values were absent

at microphones near the ground. This would lead to lower

derivative skewness values. However, this behavior affects

only the largest shocks, and the ASF is relatively unaffected.

VI. CONCLUSIONS

Acoustic emissions from an F-35 in flight show strong

evidence of acoustic shocks due to nonlinear propagation,

even at distances of 305 m from the flight path. Statistical

measures confirm that slight waveform steepening occurs at

low engine power and significant shocks form at high engine

power that persist to large distances. The ability to which these

acoustic shocks can be accurately characterized depends upon

sampling frequency, microphone height, and microphone size.

Analysis of these trends leads to three recommendations for

future measurements.

First, statistical measures of nonlinearity are relatively

constant for heights above 9.1 m. This means that, while

directivity concerns may necessitate higher elevated micro-

phone, for the purpose for shock characterizations micro-

phones should be off the ground, but do not need to be

higher than 9.1 m. Second, microphone size may limit the

minimum resolvable rise time for the largest shocks. In most

situations, including spectral content in the audible range,

either 1/2 or 1/4 in. microphones may be used. However, if

accurate characterization of small rise times is essential, 1/4

in. microphones should be used. Finally, it is recommended

that data be sampled at 100–200 kHz. Future work is needed

to consider effects of weather-related phenomena, including

wind and temperature and their connection to possible turbu-

lence, and to connect nonlinear metrics from ground run-up

measurements to metrics from flyover measurements.
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