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Introduction 

1.1 Motivation 

   “[T]urbofan engines that propel today’s high-performance tactical aircraft also produce 

“the sound of freedom” – noise levels sufficient to cause concern regarding personnel hearing loss 

on airfields and aircraft carries and increased annoyance for communities near bases.” 1 

Throughout the United States, and elsewhere in the world, communities are being built ever closer 

to existing air bases. These communities are potentially exposed to noise produced by these aircraft 

during routine flyovers. Therefore, understanding source mechanisms of military jet noise and how 

they propagate into the far field is important for determining potential community annoyance and 

further minimize its impact through improved noise mitigation efforts. 

1.2 Jet Crackle 

  Jet crackle is an annoying2 and dominant3 perceptual component of supersonic jet noise 

related to the reception of acoustic shocks. Ffowcs Williams et al.2 initially observed this 

phenomenon in a supersonic commercial aircraft, the Concorde, and described these aircraft as 

“particularly prone to producing sudden spasmodic bursts of a rasping fricative sound.” Further 

describing this phenomenon, Ffowcs Williams et al. stated, “It is a startling staccato of cracks and 

bangs and its onomatope, ‘crackle’ conveys a subjectively accurate impression.” Crackle is also 

perceptible in noise produced by rockets4,5 and volcanoes,6 which are essentially jets with larger 

nozzles. However, crackle does not seem to be readily identifiable in laboratory-scale jet noise.7 
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The most common occurrence of crackle is in noise from military-style, high-performance engines, 

which noise can regularly impact local communities. 

  Since its original definition, differing interpretations of jet crackle have emerged over the 

years. Initially crackle was defined by Ffowcs Williams et al. as 1) the presence of acoustic shocks, 

2) transient events undetectable purely by a spectral means, 3) predictable by the skewness of the 

amplitude probability density function, or pressure skewness, and 4) primarily a source 

phenomenon.2 Consistent with a recent subjective listening study carried out at Brigham Young 

University,8,9 crackle is defined for this research as a perceptual feature of supersonic jet noise that 

is related to the reception of acoustic shocks. This definition inherently coincides with the first two 

points of Ffowcs Williams et al.’s definition; however, the definition used in this study disagrees 

with the latter two points, as supported by other recent studies.10– 13  

1.2.1 Crackle-related Metrics 

  A point of interest in several studies is predicting crackle perception. Particularly of interest 

are metrics of nonlinearity that are responsive to the presence of shocks. Acoustic shocks are 

characterized by large positive pressure derivatives and may be present at the noise source, in the 

near field, or develop in the far field through nonlinear propagation. Acoustic shocks may be weak 

or nonexistent in the near-field, but via nonlinear propagation, high-amplitude sound pressures can 

grow to be a characteristic component of the far-field waveform, thus causing the perception of 

crackle in the far field.10-15 Pressure skewness was a metric initially proposed by Ffowcs Williams 

et al.2 that quantifies the asymmetry of the pressure waveform. Some have since examined other 

temporal statistics to quantify “bursts”14 or rise-time and peak-to-peak pressures.15 Others have 

tried using kurtosis to examine fourth-order peakedness.16,17 Gee et al.8 proposed the skewness of 

the time derivative of the pressure waveform, or derivative skewness (Sk{∂p/∂t}), as an indicator 
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of crackle content. The derivative skewness has a stronger relation to crackle than the pressure 

skewness as determined in a recent subjective listener study. 

1.2.2 Initial Listener Study 

  In order to determine the relationship of crackle perception and derivative skewness, jet 

waveforms of varying derivative skewness values are auralized and rated in a subjective listener 

study. In the first formal, jury-based listening study8,9 of its kind, 31 participants listened to 3 

second audio clips from a F-35A played back at a consistent level via a loudspeaker. These 

waveforms were selected from a far-field microphone arc about 305 m from the aircraft to test a 

variety of pressure skewness and derivative skewness values. Combinations of high derivative 

skewness and low pressure skewness and vice versa were chosen to better quantify their relative 

influence on crackle perception. In one portion of the study, participants rated the crackliness of a 

signal using a five-point scale ranging from smooth, no crackle to intense crackle. Comparing the 

results of the crackle ratings with the derivative skewness and pressure skewness values yielded a 

significantly greater R2 value for derivative skewness than pressure skewness. The study 

concluded that the transition from intermittent to continuous crackle perception occurs at 

Sk{∂p/ ∂t} = 3 and proposed an equation relating derivative skewness to crackle rating.8 

   While potential crackle content can be determined using derivative skewness, source 

mechanisms that give rise to far-field crackle perception are not well understood. Nonlinear 

propagation likely plays a strong role in the development of crackle in the far field; however, other 

factors, such as shocks present in the near field and how they relate to the perception of crackle in 

the far field are important to consider. In addition, with the use of the derivative skewness as a 

metric to predict crackle content, the cause for difference in derivative skewness values at ground-

based measurements compared to off-ground locations has need of additional study. This 



4 
 

 
 

difference in derivative skewness has been previously observed for a high-performance military 

aircraft measurement,18 and the present F-35 data provides an opportunity to further investigate 

this occurrence.  

1.3 F-35B Measurement 

 Acoustic measurements of the F-35A and F-35B variants were made in September 2013 at 

Edwards Air Force Base. While the listener study relied on the data from the F-35A,8 the A and B 

variants are acoustically the same and the study contained in this thesis uses data collected from 

the B variant.19 The aircraft was tethered to the ground as shown in Figure 1.1 with the center of 

the nozzle exit set 2 m above the coordinate system origin point. The Cartesian coordinate system 

is defined where 𝑥𝑥  is the sideline distance, 𝑦𝑦  is the height above the ground, and 𝑧𝑧  is the 

downstream distance from the nozzle. The nominal diameter of the jet nozzle is approximately 1 

m, though it varied slightly with engine condition. The aircraft operated at engine conditions 

ranging from idle to afterburner, with interest given to the four engine conditions—75%, 100%, 

130%, and 150% engine thrust request (ETR)—with significant crackle content perceived. Engine 

conditions greater than 100% are possible due to the addition of afterburner. Time waveforms were 

synchronously acquired for 5–6 run ups at each engine condition. Each recording is at least 27 s, 

except for the 130% ETR case used in this study, which was only 10 s in length. 



5 
 

 
 

 

Figure 1.1 Schematic of the F-35B aircraft and the ground-based linear microphone array. 

 The studies in Chapter 2 and Chapter 3 focus on data collected from a 71-element, linear 

ground array, as illustrated in Figure 1.1. It consisted of GRAS 6.35 mm (1/4") pressure 

microphones, and the acoustic data were acquired using National Instruments PXI-449X cards 

sampling at 204.8 kHz. The array was located approximately 8–10 m from the estimated jet shear 

layer with a 0.45 m (18") inter-microphone spacing. The microphone array reference point 

(MARP) is located 7.5 m downstream of the nozzle as shown in Figure 1.1. Comparisons made in 

Section 3.3 between ground and off-ground placement of microphones is possible due to an off-

ground microphone located in the vicinity of the ground array, which is represented by a red square 

in Figure 1.1. The off-ground microphone was a GRAS 6.35 mm (1/4") free-field microphone 

sampled at 204.8 kHz. 

 The study in Chapter 4 relies on near to far-field microphone arc arrays with placement 

defined by radials and jet inlet angles relative to the MARP, as shown in Figure 1.2. Arc radial 

distances range from 19 m (63ʹ) to 305 m (1000ʹ) with each arc doubling in distance, except for 

the 29 m (94ʹ) arc. Microphones are located anywhere from 0° to 160° in 10° increments and at 5° 

increments in the maximum radiation region from 120° to 160°. An assortment of GRAS 6.35 mm 

(1/4") pressure and free-field microphones were used at the 19, 29, 38.2, and 76 m (63ʹ, 94ʹ, 125ʹ, 

and 250ʹ) arcs and data were recorded using National Instruments PXI 4496 cards sampling at 
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204.8 kHz. While there were microphones co-located along the outer arcs, the subset used in the 

present study consist of an assortment of GRAS and B&K 6.35 mm (1/4") free-field microphones 

at 130°–140° along the 152 m (500ʹ) arc and 110°–150° along the 305 m (1000ʹ)  arc and B&K 

and PCB 12.7 mm (1/2") free-field microphones at the remaining locations. The outer two arcs 

used National Instruments PXI 4472B cards sampling at 96 kHz. A comparison between derivative 

skewness values measured by co-located microphones at 152 and 305 m arcs are given in the 

Appendix and plotted in Figure A.2. 

 

Figure 1.2 Schematic of the F-35B aircraft and the locations of the a) near and b) far-field 
measurement arrays. 

 Pertinent meteorological data are the average atmospheric pressure across measurements 

of 93.45 kPa and for the 150% ETR run investigated in Chapter 4, the temperature and relative 
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humidity were approximately 293.45 K and 41.2%. Other analyses of the ground array are reported 

on in Refs. 20– 24. More details for this measurement are found in Ref. 19. 

1.4 Objectives and Scope of Work 

This thesis investigates physical jet noise phenomena associated with the perception of 

crackle. The three main goals of this thesis are: 1) Determine the potential spatial origin of crackle-

related events in the near field via an event-based beamforming method. 2) Investigate the potential 

for irregular shock reflections occurring along the near-field ground array and their implications 

on derivative skewness. 3) Relate the near-field origins of crackle to far-field perception by 

comparing nonlinearly propagated waveforms with measured far-field data.  

 The majority of the work contained in this thesis comes from papers submitted or in process 

by the author to journals or conference proceedings papers. A list of source materials for Chapters 

2–4 is found in Table 1.1 for reference.  

Table 1.1 Source material for technical chapters. 

Chapter Source Article(s) 
Chapter 2 Vaughn et al., “Source localization of crackle-related events in military 

aircraft jet noise,” AIAA Journal (2021). https://doi.org/10.2514/1.J059823 
 
Vaughn et al., “Crackle-related beamforming of military jet aircraft noise,” 
AIAA Paper 2019-2664 (2019). https://doi.org/10.2514/6.2019-2664  
 
Vaughn et al., “Beamforming of supersonic jet noise for crackle-related 
events,” Proc. Mtgs. Acoust. (2018). https://doi.org/10.1121/2.0000998  
 

Chapter 3 Vaughn et al., “Evidence for nonlinear reflections in shock-containing 
noise near high-performance military aircraft,” J. Acoust. Soc. Am. (2021). 
https://doi.org/10.1121/10.0003932 
 

Chapter 4 Vaughn et al., “Near to far field correlation of crackle-related events in 
military aircraft jet noise,” Proc. Mtgs. Acoust. (clearance pending).  
 

  



8 
 

 
 

                                                       
Near-field Beamforming of Crackle-
related Events 

2.1 Introduction 

 Crackle is an annoying2 and dominant3 component of high-power jet noise. In the initial 

study of crackle in supersonic commercial aircraft noise, Ffowcs Williams et al.2 described these 

aircraft as “particularly prone to producing sudden spasmodic bursts of a rasping fricative sound.” 

They further stated, “It is a startling staccato of cracks and bangs and its onomatope, ‘crackle’ 

conveys a subjectively accurate impression.” Since the publication of this initial investigation, 

differing crackle definitions have emerged as various metrics13,14,16,25,26 and methodologies14,27–29 

have been developed. In this study, we define crackle as a perceptual feature of supersonic jet noise 

that is related to the reception of acoustic shocks. This is in accord with the assertion made by 

Ffowcs Williams et al. that the “physical feature of a sound wave that gives rise to the readily 

identifiable subjective impression of ‘crackle’ is shown to be the sharp shock-like compressive 

waves that sometimes occur in the waveforms.” 2 

 Acoustic shocks are rapid pressure increases that are characterized by large positive 

pressure derivatives. For shocks in supersonic jet noise, the formation, strengthening, and 

persistence of the shocks in the far field are largely due to nonlinear effects.11,12,15 Although the 

far-field shock evolution is of importance to quantifying community response to flyovers at high 

powers, source-related investigations are also of importance because of the potential to understand 

noise production in a way that could provide guidance for future noise reduction methods and 

technologies, such as those described in Refs. 30– 33.  
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 Recent crackle-related studies have used numerical and laboratory-scale data sets to 

examine steepened-wave or shock-like features in and near the jet. A growing number of numerical 

investigations have used diverse jet conditions (e.g. nozzle pressure ratios,34 Mach numbers,35,36 

temperature ratios17,37– 40) and an assortment of simulation methods to study the jet flow and 

subsequent noise field. Several of these numerical studies report acoustic shocks with large 

pressure skewness (the foundation for the original Ffowcs Williams et al.2 criterion) values 

forming at or near the turbulent shear layer of the jet.35–38 These findings are complemented by 

laboratory-scale jet studies that suggest the generation of impulsive signatures exists over a 

distributed range rather than a localized source region.41 –44 

 The analysis approach introduced in this paper is founded on a crackle criterion that has 

been tied to human subject testing.8,9,45,46 With crackle defined as a perceptual feature, listening 

tests are necessary to link the human perception to measurable noise characteristics. Prior 

studies45,46 utilized signal processing and informal listening tests to identify the skewness of the 

time-derivative of the pressure waveform, Sk{∂p/∂t} (or derivative skewness), as a measure for 

the crackle percept. Recently, a relationship between derivative skewness and crackle has been 

quantified in the first formal, jury-based listening study of crackle.8,9 The study employed F-35A 

waveforms with various degrees of crackliness and a range of values for both pressure skewness 

and derivative skewness. A total of 31 participants auralized the waveforms as part of a category 

subdivision scaling test8 and also rank-ordered them in a complementary exercise.9 The 

subdivision scaling test resulted in a model for five crackliness categories (smooth noise, rough 

noise, intermittent crackle, continuous crackle, intense crackle) based on derivative skewness, 

whereas the relationship between pressure skewness and the crackle percept was found to be 

statistically insignificant.8 The listening test revealed that a jet noise waveform with a        
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Sk{∂p/∂t} > 3 is perceived to ‘continuously crackle.’ This criterion is used as part of the analysis 

reported herein. 

 To find the regions in the jet responsible for crackle-containing waveforms in the field, this 

study examines the origins of waveform segments chosen by the presence of large positive 

derivatives that contribute significantly to the overall derivative skewness value. The origins of 

these waveform segments are calculated by a two-point cross-correlation beamforming method. A 

brief summary of the acoustical measurement of the F-35B high-performance military aircraft is 

provided, which is acoustically similar to the F-35A used in the subjective listener study.19 A 

description of the methodology used in the beamforming process is subsequently provided. Results 

for four engine conditions are then discussed, which are followed by an analysis involving 

microphone pair groupings to describe jet noise characteristics associated with jet crackle. 

2.2 Event-based Beamforming Methods 

 This study employs an event-based beamforming method involving a cross correlation of 

adjacent microphones’ waveforms windowed around particular events, from which the radiation 

angle and apparent origin of the events are calculated. The analysis method, which builds off of 

that described by Vaughn et al. in Ref. 24, also resembles the method used in Refs. 43, 44, 47 to 

detect the apparent acoustic origins along the jet axis of large-amplitude events for both laboratory 

and full-scale jets. A previous study by Vaughn et al.24 examined three types of event triggers: 

maximum pressure values, maximum derivative values and, as a control, regularly-spaced, non-

overlapping waveform segments. However, only the maximum derivative events are considered 

in the present analysis, for two reasons. First, the three types of event definitions revealed similar 

source characteristics, as high-amplitude events were correlated with high-derivative events and 
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even relatively short event windows typically contained a high-derivative or high-amplitude event 

within the regularly spaced segments. Second, as demonstrated in Section 2.2.1, the large 

derivative values are directly linked to elevated derivative skewness, which in turn is directly 

correlated with the crackle percept as quantified by Gee et al.8,9 The relationship between the large-

derivative event trigger and derivative skewness is elaborated in the following section. 

2.2.1 Event Selection Method 

Two short F-35B waveform segments with and without acoustic shocks are shown in 

Figure 2.1. Each 10-ms waveform was taken from a measurement of the F-35B operating at 

maximum afterburner (150% ETR), with Figure 2.2a measured at the farthest upstream 

microphone (𝑧𝑧 = −2.1 m) and Figure 2.2c in the region of maximum radiation (𝑧𝑧 = 11 m). 

Distinct acoustic shocks are present in Figure 2.2c, which are characterized by sudden pressure 

increases followed by longer rarefactions. Corresponding derivatives of these waveforms are 

presented in Figure 2.1b and 2.1d, with the peaks in these plots corresponding to sudden increases 

in pressure. Based on the Gee et al.8 crackle criteria, the waveform represented by the segment in 

Figure 2.1a (Sk{∂p/∂t} = 0.6) is considered to not contain crackle and the waveform represented 

in Figure 2.1c (Sk{∂p/∂t} = 9.4) would contain “intense crackle.” Auralization of the waveforms 

with studio quality headphones confirms the predicted crackle perception of these waveforms. 
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Figure 2.1 Waveforms a) without and c) with acoustic shocks present and their corresponding 
derivatives in b) and d). 

 The event-based beamforming approach in this study triggers off of large derivatives, 

which are related to crackle via the Sk{∂p/∂t}. The relationship between the discretely measured 

pressure derivative, Δp/Δt, and Sk{∂p/∂t} is shown in Figure 2.2 with the time-derivative of a     

10-s pressure waveform in blue, the running Sk{∂p/∂t} value calculated for non-overlapping 20-

ms segments in red, and the Sk{∂p/∂t} value for the entire waveform of 3.6 in green. Large peaks 

in the Δp/Δt waveform represent high-derivative events, and the largest Sk{∂p/∂t} values 
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occurring simultaneously with the Δp/Δt peaks indicate that these events contribute most 

significantly to the overall Sk{∂p/∂t} value of the waveform. Using this direct link of Sk{∂p/∂t} 

with the large-derivative events in conjunction with the result of the prior subjective studies,8,9 the 

maximum derivative events are used in the subsequently described event-based beamforming 

method. 

 

Figure 2.2 Pressure waveform time derivative, Sk{∂p/∂t} values calculated for every 20-ms 
segment, and time-averaged Sk{∂p/∂t} from a 10-s waveform. 

 For every pair of adjacent microphones along the array, the events are selected in the 

upstream microphone. In the 27-s waveforms, the derivative values were sorted in descending 

order, and the top one thousand were selected with the condition that they were not within 2.4 ms 

of each other to allow for distinction between shock events in the applied signal processing method. 

An example of a defined event is indicated by the red x in Figure 2.3a. Events defined in the 

reference channel may or may not become events in the adjacent channel when the adjacent 

channel is used as a reference channel for the next microphone pair, as this depends upon a given 

large derivative event persisting across multiple microphones. For example, the acoustic shock 

that occurs at about 8.5 ms in the reference channel in Figure 2.3a is seen as having a significantly 

reduced amplitude at about 9 ms in the adjacent channel in Figure 2.3b. Fievet et al.26 observed 

that not all waves propagate in the same direction with the possibility of crossing waves; however, 
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further investigation is needed to understand why particular acoustic shocks change drastically 

between adjacent microphones. A justification for the use of only a two-point cross-correlation 

beamforming method is provided in the Appendix.  

2.2.2 Beamforming Method 

 After events are defined, a window is applied around each event in both the reference and 

adjacent channels, as shown in Figure 2.3. The window is centered about the defined event in the 

reference channel, but when applied to the other channel in the pair a time lag is added so that the 

peak of the window is at an approximation of the event in the adjacent channel. This time lag is 

determined by assuming the MARP as the source location for the event, determining the relative 

path length differences, and assuming the events travel at the ambient speed of sound. A 20-ms 

Hann window was chosen to be sufficiently long that if the event in the adjacent channel does not 

line up in the center of the window, there is still enough information in the corresponding event to 

compute a meaningful cross correlation. Due to the length of the window, two events may overlap. 

However, most (>90%) events occur at least 5 ms from the next closest event, where the window 

drops by 50%, so most of the information captured by the different waveform segments can be 

considered independent of the others.  
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Figure 2.3 Two 30-ms waveforms illustrating the application of a Hann window around a high-
derivative event in a) the reference channel and the offset from the event b) the adjacent 
channel. 

 To obtain the apparent origin for each pair of windowed waveforms, a simple cross-

correlation is used as a time-domain beamformer. From the peak of the cross correlation, a time 

delay, 𝛥𝛥𝛥𝛥, due to the difference in arrival time between the two adjacent microphones is found. 

Then, using the assumption that waves in the vicinity of the microphones are locally planar and 

travelling at the ambient speed of sound, c, a distance, c ∙ 𝛥𝛥𝛥𝛥, is found to form a right angle between 

the arrival path to the downstream microphone and the wavefront in contact with the upstream 

microphone. This creates a right triangle which can be used to solve for the angle of incidence, 𝜓𝜓, 

in terms of c ∙ 𝛥𝛥𝛥𝛥 and the interelement spacing along the array, d. The array offset angle, 𝜙𝜙 (shown 

in Figure 2.4), is then directly computed from the difference in the microphone locations, and then 

𝜙𝜙 and 𝜓𝜓 are used to compute the directivity of the event in terms of the jet inlet angle,  
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 θ = 180° – [𝜓𝜓 + ϕ] 

= 180° – �cos−1 �𝑐𝑐 ∙𝛥𝛥𝛥𝛥
𝑑𝑑
� + tan−1 �𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
��. 

Equation (2.1) 

Tracing the incident angle back to the nozzle lipline gives an apparent source location of the flow 

corresponding to the event. While the nozzle center is approximately 2 m off the ground, vertical 

information cannot be achieved from the locally planar assumption and two-point cross-correlation 

method, therefore apparent origin results are limited to the downstream distance along the nozzle 

lipline. Each apparent source location and directivity angle found for each of the 1000 events are 

then compiled into normalized histograms. The process is repeated for each microphone pair in 

the array. 

 

Figure 2.4 Schematic depicting the adjacent two-microphone cross-correlation beamforming 
method. 

2.3 Event-based Beamforming Results 

 The event-based beamforming process described above has been applied to the F-35B, for 

engine conditions between 75% and 150% ETR, which have far-field Sk{∂p/∂t} values sufficient 
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array, the propagation angles converge to 155° for 75% ETR and 150° for 150% ETR. These 

propagation angles along the microphone array when traced to the jet lipline yield an apparent 

origin of these top derivative events.  

 

Figure 2.5 Normalized histograms of propagation angle occurrence across each microphone 
pair for a) 75% and b) 150% ETR.   

 The propagation angles, such as those in Figure 2.5, are now used to ray-trace the apparent 

origins of these high-derivative events at all four engine conditions of interest. The resulting 

apparent origins are compiled into normalized histograms along x = 0.5 m (approximately the jet 

nozzle lipline) and shown in Figure 2.6 for 75% and 150% ETR. The abscissa is the z-coordinate 

of the microphones, the same as above in Figure 2.5, while the ordinate now represents the 

histograms of the apparent origin along the lipline in 0.5 m bins.  

 The apparent origins corresponding to the upstream radiating top-derivative events are 

shown by the farthest upstream microphone pairs in Figure 2.6. These events appear to originate 

from 2–5 m downstream of the nozzle for 75% ETR in Figure 2.6a and slightly farther downstream 
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from 3–8 m for 150% ETR in Figure 2.6b. Continuing down the microphone array, the source 

region broadens as the radiation transitions from forward to aft.  Then, the microphones between 

4–12 m and 4.5–14 downstream localize the sources of the events to compact histograms which 

shift downstream. Downstream of this region, the histograms continue to shift downstream slightly 

and broaden. For 75% ETR, the histograms become spatially less continuous as neighboring 

microphone pairs do not record many counts in adjacent apparent origin bins. In contrast, at 150% 

ETR, the mode for each microphone pair shifts slightly downstream until about 20 m where the 

now broad distribution begins to move back upstream along the lipline. This last result indicates 

that the events creating the largest derivatives present at the far aft portion of the microphone array 

at maximum afterburner do not originate from a corresponding far-aft position.  

 

Figure 2.6 Normalized histograms of apparent origin occurrence along the jet lipline across 
each microphone pair for a) 75% and b) 150% ETR. 
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of lower engine conditions. This trend at the end of the array is interesting to note as the Sk{∂p/∂t} 

values seen in Figure 2.8 vary greatly in this region where propagation angles and apparent origins 

are similar. 

 

Figure 2.7 Comparison across ETR of the normalized histogram mode along the microphone 
array for a) propagation angle and b) apparent origin. 

2.4 Event-based Beamforming Analysis 

To better identify source regions important to crackle perception in the field, microphone 

pairs are sorted into groups using criteria suggested in Section 2.4.1. Criteria used include the 

propagation angles found through the event-based beamforming, the measured Sk{∂p/∂t}, and 

measured OASPL. The groupings are then assigned a color for distinction and examined 

graphically. Normalized histograms of the apparent origins calculated from the compilation of all 

microphone pairs for each group are presented and compared with other similar studies in Section 

2.4.3, followed by a discussion in Section 2.4.4 of potential jet noise phenomena associated with 

crackle. 
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2.4.1 Microphone Pair Groupings 

 For each engine condition, microphone pairs are placed into one of six groups. The 

grouping criteria build on previously developed criteria for the four groups used to analyze 75% 

ETR in Ref. 24. The critera for those four groups plus the two additionally established groups in 

this study are displayed in Table 2.1. Criteria are defined using trends in the beamformed angle of 

the derivative events as well as the Sk{∂p/∂t} and OASPL measured at the reference microphone 

within the pair. The first criteria for categorizing the microphone pairs is whether the radiation 

direction is upstream (<90°) or downstream (>90°) from the source to the array and whether or not 

the directionality is changing along the array or unidirectional (which is defined as less than 2° 

changes compared to adjacent microphones pairs for the purposes of this work, denoted by <Δ2°), 

as determined by the mode of the beamformed propagation angles. The second criteria is whether 

or not the Sk{∂p/∂t} is greater or less than 3, indicating that continuous crackle would be perceived 

by an observer at the array.8 It should be noted that the relationship of Sk{∂p/∂t} to crackle 

perception in Refs. 8 and 9 was made using far-field data from the 305 m arc. The Sk{∂p/∂t} is 

expected to continue to grow beyond the array due to nonlinear propagation by as much as 1000% 

at 75% ETR from near the shear layer to 38 m.48 The final criteria for group distinction is whether 

or not the microphone pair is upstream, downstream, or in the vicinity of a peak in the OASPL 

measured along the array. The first, primary peak is at about 10 m and the second, lower peak is 

just beyond 22 m along the array. Application of these criteria to the microphone pairs for each of 

the four engine conditions generates six distinct groups. 
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Table 2.1 Number, color, and the three criteria associated with each of the six microphone 
pair groups.  

Group # Color Angle Sk{∂p/∂t} OASPL 
1 Blue <90° <3 Upstream 
2 Red >90° <3 Upstream 
3 Purple <Δ2° >3 1st Peak 
4 Green >90° >3 1st Peak 
5 Yellow >90° >3 2nd  Peak 
6 Orange >90° <3 Downstream 

 

 Groups are numbered by their occurrence from upstream to downstream along the 

microphone array. Each adjacent group generally shares one or two common criteria, as each trend 

for the most part is smoothly varying along the array. One abrupt trend is in propagation angle and 

is exemplified by upstream propagation from source to array of group 1 (blue), which is easily 

distinguished from all the others groups that display downstream propagation. With their primary 

difference in propagation angle, groups 1 and 2 (blue and red) both are not considered to 

‘continuously crackle’ and have low OASPLs that are spatially located upstream of the 1st OASPL 

peak. Groups 3–5 (purple, green, and yellow) all exceed the threshold at the array for ‘continuous 

crackle’ perception. While both groups 3 and 4 (purple and green) propagate downstream and are 

part of the 1st peak in the OASPL, distinction between them is the unidirectional radiation of group 

3 (purple), defined by less than 2° change in propagation angle between adjacent microphone pairs. 

Group 5 (yellow) differs from group 4 (green) by appearing in the 2nd OASPL peak with its 

accompanying abrupt change in Sk{∂p/∂t} at the lower engine powers. The spatial relation to the 

OASPL peaks is also used to differentiate group 2 (red), which occurs upstream of the 1st OASPL 

peak, from group 6 (orange) that is found downstream of the 2nd OASPL peak at the end of the 

array. 
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 The three criteria are plotted along the microphone array for 75%, 100%, 130%, and 150% 

ETRs in Figure 2.8. Engine conditions are noted by marker while colors signify the group 

classification as noted in Table 2.1. This allows for comparison of criteria across group and ETR. 

The Sk{∂p/∂t} shown in Figure 2.8a increases slightly with increased ETR and yields a similar 

trend across all engine conditions up to 22 m along the array, at which point the Sk{∂p/∂t} diverges 

with greater values at lower engine conditions. It is curious that Sk{∂p/∂t} increases with lower 

OASPL at lower engine conditions at the end of the array. Previously-made spatial Sk{∂p/∂t} maps 

by James et al.19 from data collected at off-ground microphone arcs for the same F-35 measurement 

and by Gee et al.48 for an earlier F-35 dataset show that Sk{∂p/∂t} generally decreases with 

downstream distance after peaking, as is seen with 150% ETR in Figure 2.8a. In comparison, it is 

noted that the Sk{∂p/∂t} values measured at the ground array in this study are higher than at nearby 

off-ground microphone locations reported in Ref. 19. A possible cause for increased Sk{∂p/∂t}  

values at the ground is nonlinear reflections of shocks causing a greater than doubling of pressure 

for the shock events.49,50 Further investigation into these phenomena should lend insight into 

understanding crackle and measurement considerations for Sk{∂p/∂t}. 

 Unlike the Sk{∂p/∂t} with a diverging trend at the end of the array, the OASPL is more 

smoothly varying across the array for each engine condition. The OASPL is shown in Figure 2.8b 

as a function of downstream distance along the array and has a consistent trend across engine 

conditions. The main peak in the OASPL occurs at 10 m and a second, smaller peak occurs at 22 

m. Levels increase with engine condition, except about the main peak where the levels decrease 

slightly from 130% to 150% ETR. The first peak shifts slightly upstream and broadens with engine 

power, while the second peak occurs at the same location but with a steeper roll off towards the 

end of the array at higher engine conditions. Though the levels plotted in Figure 2.8 are directly 
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computed from the data, the second peak in the OASPL is more pronounced when the levels are 

spatially normalized to a common reference distance, as seen in Ref. 24, and is associated with the 

region with higher Sk{∂p/∂t} at lower engine conditions. 

 

Figure 2.8 Color groupings across engine conditions for a) derivative skewness (Sk{∂p/∂t}), b) 
overall sound pressure level (OASPL), and c) propagation angle along the microphone array. 

2.4.2 Group Source Regions 

Groups defined in Section 2.4.1 are associated with apparent origins via the propagation 

angles of the beamformed events. The mode of the angle distribution for each microphone pair are 
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Figure 2.9 Ray tracings of the angle mode for each microphone pairing for a) 75%, b) 100%, 
c) 130%, and d) 150% ETR. Color bounds below the lipline denote the 5% and 95% with the 
mean shown as a diamond for the compiled distribution for each group. 

2.4.3 Normalized Group Histograms 

Distributions of the apparent origins for all the individual events associated with each group 

are compiled into normalized histograms in Figure 2.10. Despite each group sharing similar 
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Figure 2.10 Normalized histograms of the apparent origin along the nozzle lipline for all events 
associated with each group (colored) as well as all the events (black) for a) 75%, b) 100%, c) 
130%, and d) 150% ETR. Vertical dotted line indicates the MARP location. 

2.4.4 Jet Noise Characterization 

 In addition to determining the source region of crackle-related events, the characteristics 

of microphone pair groupings created in Section 2.4.1 help relate groups with particular jet noise 

phenomena. The non-crackle-related groups are discussed first. The upstream propagation of 

group 1 (blue) is likely associated with broadband shock-associated noise (BBSAN), which 
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Nonlinear Shock Reflections near 
Military Aircraft 

3.1 Introduction 

 This study investigates the possibility and implications of nonlinear shock reflections for 

acoustic shocks contained in jet noise produced by a high-performance military aircraft. Acoustic 

shocks are characterized by abrupt changes of properties in the medium, such as pressure, 

temperature, and density. In jet noise, shocks are intermittent events embedded within other jet 

noise components, occurring particularly in the loud, aft radiation region. Shocks have been shown 

to be present in the near field16,26 as well as in the far field, 57 though far-field shocks are augmented 

due to nonlinear propagation.11 The reception of acoustic shocks are responsible for the perception 

of jet crackle,46 which is as an annoying2 and dominant3 component of supersonic jet noise. The 

skewness of the time derivative of the pressure waveform (Sk{∂p/∂t}, hereafter referred to as the 

“derivative skewness”) is a metric indicative of the crackle percept in jet noise,8 as it is sensitive 

to the presence of acoustic shocks in the jet noise waveform.57 Of interest in this study is how 

ground reflections impact shocks in jet noise and the subsequently measured Sk{∂p/∂t} values. 

 There is a debate over the placement of microphones at ground or off-ground locations for 

measuring and characterizing jet noise. The American National Standards Institute/Acoustical 

Society of America standard for measuring high-performance military jet aircraft dictates off-

ground placement of microphones for measuring tied-down aircraft emissions. Off-ground 

placement simulates the position of an observer’s ear and for some flyover measurements have 

been shown to provide cleaner data for measuring acoustic nonlinearities, 58  though ground 
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interference nulls result in the spectra due to such placement.59 While there are methods to address 

ground interference effects,60,61  there are a number of studies that rely acoustical data collected at 

ground-based arrays for full-scale military aircraft.20,62,63 Placement of microphones on the ground 

eliminate interference nulls, though due to the immediate reflection at the microphone-surface 

interface, there is an increase in the measured pressure compared to a free-field measurement. In 

addition to increased pressure, there has been an increase in derivative skewness values at the 

ground relative to the air,18 for reasons that have not been understood. The potential for nonlinear 

reflections of acoustic shocks at ground locations, however, has not been directly investigated in 

the context of jet noise. 

  There are a variety of classifications for nonlinear reflections. Ernst Mach in 1878 first 

classified shock wave reflections as either regular or irregular.64 Regular reflections (RR) consist 

of two shocks; an incident and a reflected shock (as seen in Figure 3.1a). The amplitudes and 

angles of incidence relative to the surface of the incident and reflected shocks can differ slightly 

for RR and do not follow the linear reflection described by Snell-Descartes laws. In addition to the 

incident and reflected shocks, irregular reflections (IR) have a third shock called the Mach stem 

that travels parallel to the surface, as can be seen in Figure 3.1b. Mach stem formation is due to 

changes in the medium induced by the incident shock causing the reflected shock to travel faster 

and coalesce with the incident shock. The intersection of the three shocks in an IR is called the 

triple point. While there are several subsets of IR based on the shock strength or flow deflection 

processes,65,66 for weak shocks (acoustic Mach numbers below 0.47)67 there are two types of IR: 

von Neumann Reflection (vNR) and Weak von Neumann Reflection (WvNR). These shock 

reflection types are named for the von Neumann Paradox, 68 , 69  which is the inability of von 

Neumann’s three-shock theory70 to predict irregular reflections for weak shocks. Unlike IR for 
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strong shocks, or Mach reflections,66 that have a slope discontinuity at the triple point, vNR have 

no slope discontinuity between the Mach stem and the incident shock, as visualized in Figure 3.1b. 

Only a single, incident shock results for WvNR due to a shock being at grazing incidence with the 

surface, as pictured in Figure 3.1c.71 

 

Figure 3.1 Weak shock reflection schematics similar to Figure 3 in Ref. [71], Figure 1 in Ref. 
[72], and Figure 1 in Ref. [73]. 

 The pressure amplitude at the ground due to the Mach stem of an irregular (or nonlinear) 

reflection is greater than a linear reflection. Two-dimensional simulations of shocks reflecting on 

a rigid boundary performed by Desjouy et al.73 showed the peak-to-peak pressure approaching a 

factor of 2.5 for the 3-shocks regime, as opposed to doubling in the linear 2-shocks regime 

described by Snell-Descartes laws. The 1-shock regime for WvNR are expected to have less than 

a doubling of pressure. Marchiano et al.50 experimentally validated the peak-to-peak pressure 

increasing by a factor of 2.5 for the Mach stem of vNR of weak shock waves in water. If the shocks 

in a jet noise waveform undergo a nonlinear, irregular reflection at the ground and their peak-to-

peak amplitude increase by a factor greater than two, while the remainder of the waveform 

increases by a factor of two, it is hypothesized that there are characteristic differences between the 

waveforms measured at the ground in the air: the ground waveform has a higher ratio of energy in 

the shock to the overall energy and thus may affect the perception of crackle. 
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Figure 3.3 (a) Shock criteria of 15𝝈𝝈𝝏𝝏𝝏𝝏 𝝏𝝏𝝏𝝏⁄  based on Ref. 57 and the (b) shock counts along the 
microphone array. 

 While the shock criterion identifies a number of shocks in the majority of channels along 

the ground array as shown in Figure 3.3b, there are locations 𝑧𝑧 < 5 m that have no shock counts. 

On the other hand, caution is needed to make certain that shocks are not double counted, because 

if time waveform is sufficiently steep and sampled fast enough, multiple samples tracking the 

pressure rise of an acoustic shock may satisfy the 15σ∂p ∂t⁄  criterion. The spatial trend across the 

entire array of shocks counts is strongly correlated to the derivative skewness shown in Figure 

2.8a, which is particularly interesting for 𝑧𝑧 > 20 m where the shock counts increase with lower 

engine powers. As there are no shocks identified by the 15σ∂p ∂t⁄  shock criterion at several 

locations for 𝑧𝑧 > 5 m, the use of the first event type of interest, the top 100 largest derivative 

events, is justified by providing a means to examine potential for nonlinear reflections across the 

entire array. Where there are no shock counts according to the shock criterion, irregular shock 

reflections are not expected and the classification of the events as exhibiting regular shock 
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𝜙𝜙 = sin−1 �

ℎ
𝑑𝑑
�  Equation (3.4) 

Grazing incidence is 0° and normal incidence is 90° for 𝜙𝜙 in this orientation. This process is 

repeated for each event of interest, resulting in a unique (𝑀𝑀𝑎𝑎,𝜙𝜙) pair and 𝑎𝑎 value for each event. 

 

Figure 3.5 Angle of incidence beamforming schematic with the jet nozzle represented by a 
cylinder, microphones along the ground array noted by blue circles, and the MARP marked 
by a black x. 

3.3 Ground and Off-ground Shock Comparisons 

 Before the examining the results for the shock reflection classifications of the events of 

interest, differences are presented for shocks measured at ground and off-ground locations. 

Discrepancies between ground and off-ground measurements in derivative skewness values may 

exist due to the presence of nonlinear ground reflections. The distance between the ground 

microphone (located at 𝑧𝑧 = 9.1 m) and the off-ground microphone is 0.31 m in the 𝑥𝑥-𝑧𝑧 plane (see 

Figure 1.1) and 0.91 m in the 𝑦𝑦-direction, as shown in Figure 3.6. To aid in the comparison of the 

ground and off-ground measurements, a waveform with a simulated linear ground reflection is 

generated by adding the ground measurement waveform to itself with a time delay corresponding 



45 
 

 
 

to the pathlength difference between the direct and reflected path for the off-ground microphone. 

A 1-ms time delay is calculated for the pathlength differences between the direct and an assumed 

linear reflected path for the off-ground microphone by assuming a source at the jet nozzle lipline 

at the microphone array reference point (MARP) downstream location, (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) =

(0.5, 2.0, 7.5) m , as shown in Figure 3.6. The pressure of the simulated-ground-reflection 

waveform is also halved, to account for a doubling of pressure at the ground as would be expected 

for a linear reflection off an acoustically rigid surface.  

 

Figure 3.6 Direct and reflected propagation paths for the off-ground microphone with an 
assumed source at the jet nozzle lipline, (𝒙𝒙,𝒚𝒚) = (𝟎𝟎.𝟓𝟓,𝟐𝟐) 𝐦𝐦, at the downstream distance of the 
MARP, 𝒛𝒛 = 𝟕𝟕.𝟓𝟓 𝐦𝐦. 

 Probability density functions (PDF) of the pressures and time-derivative pressures for the 

ground, off-ground, and simulated cases at 150% ETR are provided in Figure 3.7. Each distribution 

is normalized by its respective standard deviation, and the logarithmic scaling on the ordinate 

allows for inspection of the distribution tails, which are the drivers of the skewness value due to 

its cubic nature. The averaged pressure skewness (Sk{𝑝𝑝}) and derivative skewness (Sk{∂𝑝𝑝/𝜕𝜕𝜕𝜕})  

values across five runups at 150% ETR are noted in Table 3.1. The pressure distribution in Figure 

3.7a for the simulated waveform approaches that of the off-ground measurement, though the Sk{𝑝𝑝} 

values are underpredicted. This suggests that a linear reflection may generally account for the 











50 
 

 
 

 The overall trend is most likely influenced by the positioning of the array. The downstream 

microphone locations are farther away from the jet nozzle lipline, which increases the propagation 

pathlength in Figure 3.5b and results in smaller angles of incidence. Other differences in angles of 

incidence between the two engine conditions at a given microhpone location are due to shocks 

having different source locations. From the event-based beamforming results in Section 2.3, the 

source region for 75% ETR is more compact and predominantly upstream of the MARP, while the 

source region at 150% ETR is broader and extends well downstream of the MARP.  

 

Figure 3.9 Histograms of angle of incidences, 𝝓𝝓 , for the top 100 largest derivative events 
across each microphone pair for (a) 75% and (b) 150% ETR. 

3.4.2 𝑴𝑴𝒂𝒂-𝝓𝝓 Space and Critical Parameter Values 

 For 75% and 150% ETR, Figure 3.10 shows the locations of the top 100 derivative events 

in  𝑀𝑀𝑎𝑎-𝜙𝜙 space at each of the 70 microphone pairs along the ground array. Black dots represent 

individual shock events, with reflection regimes noted and bounded by the curved lines denoting 
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the transitional critical parameter value. Across the entire array, for both engine conditions, 35% 

of the total 7000 events fall into the 0.4 < 𝑎𝑎 < 0.8 vNR regime and about 60% in the 0.4 < 𝑎𝑎 <

1.1 vNR regime, while almost no events fall into the WvNR regime. Regardless which vNR 

criterion is more appropriate for shocks in jet noise, the results show variability for the top 100 

derivative events for a given microphone position is directly related to the spread in the histograms 

in Figure 3.8 and Figure 3.9, for which the overall trend is smoothly varying with space. The events 

located in the upper left corner of Figure 3.10 with low 𝑀𝑀𝑎𝑎  and large 𝜙𝜙  are recorded at the 

upstream microphones. The distribution of events decreases in 𝜙𝜙  and increases in 𝑀𝑀𝑎𝑎  with 

downstream microphone pair locations until the point along the array is reached with the peak 

OASPL (at z ≈ 10 m). Then, 𝑀𝑀𝑎𝑎 decreases again as 𝜙𝜙 continues to decrease towards the end of the 

array. 

 

Figure 3.10 𝑴𝑴𝒂𝒂- 𝝓𝝓 space results of the top 100 top derivative events for a) 75% and b) 150% 
ETR. Colored lines indicate transitional critical parameter values. 
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greater due to an extended source, the resulting 𝜙𝜙 and 𝑀𝑀𝑎𝑎 values are sufficient at the end of the 

array for events at higher engine conditions to have higher a values and therefore be less likely 

classified in the vNR regime, even though levels are still greater at the end of the array for 150% 

ETR.  

Table 3.2 Predicted transition locations from RR to vNR along the array for the mean 𝒂𝒂 values 
of the top 100 derivative events at each engine condition based on the experimental (𝒂𝒂 = 𝟏𝟏.𝟏𝟏) 
and theoretical (𝒂𝒂 = 𝟎𝟎.𝟖𝟖) transitional critical parameter values.  

ETR 𝑧𝑧 (m) 
75% 8.4–9.8  
100% 6.8–8.3  
130% 3.5–6.2  
150% 3.5–5.8   

3.4.4 Mach Stem Height 

 With the strong likelihood of vNR occurring in shock-containing jet noise, Mach stem 

height is now considered for their impact on off-ground measurements. Mach stem height is 

expected to increase with distance, which corresponds to lower angles of incidence that are the 

stronger driving factor for 𝑎𝑎.  When 𝑎𝑎  decreases, ℎ𝑀𝑀  increases. Desjouy et al.73 developed a 

relationship between Mach stem height, ℎ𝑀𝑀 , and the critical parameter, 𝑎𝑎 . This relationship 

resulted from a parametric numerical study of over 2000 configurations of varying spark source 

heights, propagation distances, and incident pressures. The equation is as follows: 

 
ℎ𝑀𝑀 = ℎ �

𝜉𝜉
𝑎𝑎
�
2

  Equation (3.5) 

where ℎ is the source height and 𝜉𝜉 is a constant equal to 0.41 for which a physical meaning was 

not initially established, though it appears to be associated with the transition from vNR to WvNR 

at 𝑎𝑎 = 0.4. Equation (3.5) is valid for vNR shocks as it predicts ℎ𝑀𝑀 > ℎ when in the WvNR 

regime, at which point there is no longer a Mach stem but a single shock present. The application 
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of Equation (3.5) to the present study suggests ℎ𝑀𝑀 = 0.28 m for 𝑎𝑎 = 1.1 and ℎ𝑀𝑀 = 0.53 m for 

𝑎𝑎 = 0.8. Using the same spark source as the Desjouy et al.73 study, Karzova et al.72 observed Mach 

stem heights in strong agreement with Equation (3.5); however, the source heights for the two 

studies ranged from 2–40 mm. This raises the question of whether the differences in source and 

scaling allow for the application of Equation (3.5) to the present study. Future investigation to 

determine the height of Mach stems for vNR in jet noise is necessary to understand potential impact 

of irregular reflections impacting off-ground measurements. 

3.5 Results for All Shocks 

 Section 3.4 established that there are events over a significant portion of the array predicted 

to be in the vNR regime. The present section now considers all shock events as defined by the 

15σ∂p ∂t⁄  criterion to determine the percentage of shocks expected to undergo vNR and their 

relationship to increased derivative skewness values. A brief discussion is also provided for the 

appropriate 𝑎𝑎 value to bound the transition from RR to vNR. 

 The percentage of shocks along the ground array predicted in the vNR regime according 

to the experimentally (0.4 < 𝑎𝑎 < 1.1) and theoretically (0.4 < 𝑎𝑎 < 0.8) proposed bounds are 

given in Figure 3.13. The total shock counts in Figure 3.3b indicated that there are no significant 

shock counts at 𝑧𝑧 < 5 m, percentage of shocks in the vNR regime are only reported for 𝑧𝑧 > 5 m 

in Figure 3.13. While there is a substantial percentage of shocks across the array for the 

experimentally proposed vNR regime ( 0.4 < 𝑎𝑎 < 1.1 ), there is a lower percentage for the 

theoretical case (0.4 < 𝑎𝑎 < 0.8), as it is more restrictive. For 𝑧𝑧 < 15 m, higher engine powers 

have a larger percentage of shocks that are predicted to be in the vNR regime, with practically 

identical percentages at afterburner conditions (130% and 150% ETR). However, for 𝑧𝑧 > 17 m, 
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the trend with engine condition flips with lower engine powers having a greater percentage of 

shocks in the vNR regime. This inverse relationship between engine condition and percent of 

shocks in the vNR regime is similar to the relationship for engine condition and derivative 

skewness at the far downstream portion of the array. 

 

Figure 3.13 Percentage of shocks predicted to be vNR according to the (a) experimentally (0.4 
< a < 1.1) and (b) theoretically (0.4 < a < 0.8) proposed bounds. 

 The occurrence of vNR for a substantial percentage of shocks may help explain the 

increased Sk{∂p/∂t} values along the ground array relative to off-ground measurements. There is 

a strong spatial correlation between the shock counts shown in Figure 3.3b and Sk{∂p/∂t} in Figure 

2.8a, even at 𝑧𝑧 > 20 m where there are greater values at lower engine conditions. Despite the 

spatial correlation between shock counts and Sk{∂p/∂t}, similar shock counts were observed for 

the ground and off-ground locations Section 3.3 with drastically different Sk{∂p/∂t}, suggesting 

that shock counts alone is not sufficient to determine increased Sk{∂p/∂t}. With there being a 
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would further help explain the increase of Sk{∂p/∂t} along the ground array. Thus, 𝑎𝑎 = 1.1 is 

recommended until further evidence arises. 

3.6 Conclusion 

 This study has investigated the possibility of nonlinear, irregular shock reflections of the 

von Neumann type occurring for acoustic shocks in jet noise at ground-based measurements near 

a tied-down military aircraft. A comparison between a ground and nearby off-ground microphone 

revealed that while there are similar number of shocks as defined by the 15σ∂p ∂t⁄  shock criterion, 

the resulting Sk{∂p/∂t} values were 1.8 times greater at the ground for 150% ETR. The average 

maximum derivative of the shocks are 26σ∂p ∂t⁄  at the ground compared to only 21σ∂p ∂t⁄  off the 

ground, suggesting that on average, the shocks measured at the ground are steeper. In addition to 

this, the ratio of peak-to-peak pressures at the ground relative to off the ground is a factor of 2.3, 

which is greater than a linear doubling and is a characteristic of irregular reflections. 

 The critical parameter, a, is calculated from the acoustic Mach number and angle of 

incidence of each shock and used to predict shock reflection classifications. Examining the critical 

parameter values of top 100 largest-derivative events along the array reveals that vNR are expected 

primarily at locations where shocks are present as defined by the 15σ∂p ∂t⁄  criterion. The position 

along the array at which shocks transition from RR to vNR based on the experimental (0.4 < 𝑎𝑎 <

1.1) and theoretical (0.4 < 𝑎𝑎 < 0.8) critical parameter occurs at 𝑧𝑧 = 3.5–9.8 m with the transition 

location occurring farther upstream for greater engine powers. Examination of the critical 

parameter values of all the shocks along the array defined by the 15σ∂p ∂t⁄  criterion indicates that 

a substantial percentage of shocks are expected to exhibit vNR over the same extent of the array 

at which Sk{∂p/∂t} values are significant. In addition to increasing the Sk{∂p/∂t} compared to off-
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Near to Far-field Correlation of 
Crackle-related Events  

4.1 Introduction 

 Jet crackle, as a potential factor in community annoyance, depends on the existence of 

shocks in the far field. Shocks may exist at far-field locations due to nonlinear propagation of 

large-amplitude waveforms that steepen with distance or the persistence of near-field shocks into 

the far field. While event-based beamforming of Chapter 2 found apparent near-field origins of 

crackle-related events and Chapter 3 revealed that there are a significant number of shocks along 

the near-field ground array using the 15σ∂p ∂t⁄  criterion, the objective of the present chapter is to 

determine the connection between the near-field events and far-field measures correlated with 

crackle perception. To help determine their relationship, this study employs a nonlinear model to 

propagate waveforms collected at the near-field ground array into the far field to compare with 

far-field measurements. 

 There is some debate as to whether crackle is a propagation or source phenomenon. In the 

initial crackle study, Ffowcs Williams et al.2 suggested that crackle was a source phenomenon. 

This claim is supported by the use of the pressure skewness as an indicator for crackle perception, 

as pressure skewness decays with distance from the source.  However, Gee et al.8 has shown that 

the derivative skewness is strongly correlated to crackle perception while the pressure skewness is 

not related. Furthermore, Gee et al.80 have shown that large-amplitude waveforms produced near 

an F-35 nonlinearly propagate, causing waveforms to steepen and form shocks, which 
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subsequently increases the derivative skewness with distance, until the waveforms and shocks 

substantially decay.57 Derivative skewness is a better metric for crackle perception prediction than 

the pressure skewness, as the pressure skewness decays with distance and does not vary with shock 

formation, as does the derivative skewness.13,48  

 In order to make comparisons between the near-field crackle-related events and far-field 

measurements, waveforms need to be propagated using a nonlinear method. Early observations by 

Morfey and Howell81 of flyover measurements of the Concorde (the same aircraft studied by 

Ffowcs Williams et al.2) and other high-power aircraft suggested a nonlinear model over a linear 

one to predict jet noise propagation. A linear model generally supposes significant high-frequency 

attenuation due to atmospheric absorption; however, Morfey and Howell81 observed greater high-

frequency energy than explained by linear models. This irregularity is rectified by a nonlinear 

energy transfer to high frequencies as explained in a nonlinear model. The nonlinear model used 

in this study is the generalized Burgers equation (GBE). The GBE is a partial differential equation 

that accounts for an amplitude-dependent sound speed, which causes waveform steepening: large 

positive peaks in the waveform to travel faster while large negative pressure peaks (relative to 

ambient pressure) travel slower. Intermediate engine powers and greater are expected to have 

sufficient conditions for waveforms to experience significant nonlinear steepening, as has been 

validated for several aircraft.10–12 Other uses of this same nonlinear model include a plane-wave 

tube study82 and rocket noise. 83 

 The primary analysis for comparing near-field crackle-related events to far-field measures 

is performed using cross-correlation coefficients. A variety of correlation analyses have been used 

to characterize near-field jet noise sources.84 – 87 However, this study seeks to use correlation as a 

means to relate the results of the event-based beamforming to far-field measurements. Propagated 
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waveforms are propagated numerically via the GBE, then cross-correlation coefficients are 

calculated for individual events, which are the same events identified in the event-based 

beamforming method from Chapter 2. 

 Because nonlinear propagation effects are expected to be the greatest, the study contained 

in this Chapter consists of nonlinearly propagating near-field waveforms to compare with far-field 

measurements for the F-35 operating at 150% ETR. A brief description of the nonlinear model 

along with the process for selecting waveforms and events to compare with far-field measurements 

are provided. Validation of the nonlinear model is made using comparisons between the OASPL, 

derivative skewness, and spectra for the nonlinear propagated and measured waveforms. An 

analysis using cross-correlation coefficients of comparable waveform segments is made to 

quantify the relationship between propagated and measured waveforms, after which a concluding 

discussion is given. 

4.2 Near to Far-field Correlation Methods 

 First, a description of the nonlinear model using the GBE is provided. Then the process is 

given for determining what waveform segment to nonlinearly propagate to compare with overall 

far-field trends. A subset of eight microphones are selected for more direct comparisons between 

propagated and measured waveforms. Lastly, the method for calculating cross-correlation 

coefficients is provided. 

4.2.1 Nonlinear Model 

Selected waveform segments are propagated using a nonlinear propagation model based 

on the generalized-Burger’s equation (GBE) that incorporates cumulative quadratic nonlinearity, 
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atmospheric absorption and dispersion, and spherical spreading as found in Ref. 11. This 

formulation of the GBE in a retarded time frame is as follows: 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
β

2ρ0𝑐𝑐03
𝜕𝜕𝑝𝑝2

𝜕𝜕𝜕𝜕
+ 𝜓𝜓𝜏𝜏{𝑝𝑝} −

1
𝑟𝑟
𝑝𝑝 

 

 
Equation (4.1) 

where 𝑝𝑝(𝑟𝑟, 𝜏𝜏)  is the acoustic pressure, 𝑟𝑟  is the output distance, 𝜏𝜏  is the retarded time of 

propagation between the input distance and 𝑟𝑟, 𝛽𝛽 is the coefficient of nonlinearity, 𝜌𝜌0 is the ambient 

air density, 𝑐𝑐0  is the ambient speed of sound, and 𝜓𝜓𝜏𝜏  is an operator representing atmospheric 

absorption and dispersion that acts on 𝑝𝑝(𝑟𝑟, 𝜏𝜏). Equation (4.1) is solved incrementally using a time-

frequency domain algorithm that is based on methods in Refs. 88 and 89 described in more detail 

in Refs. 11, 12, and 90.  

4.2.2 Waveform Selection Process 

 Results from the event-based beamforming in Chapter 2 are used to identify angles at 

which to propagate near-field measurements into the far field. Initial comparisons between 

nonlinearly propagated waveforms and far-field measurements are made using all 70 microphone 

pairs along the ground array. Figure 4.1 shows the outward ray tracings of the propagation angle 

modes for 150% ETR. These rays are extrapolations of the inward ray tracings shown in Figure 

2.9d and discussed in Section 2.4.2. Upstream radiation of group 1 (blue) is of less interest in the 

near field because of low derivative skewness values but can have appreciable growth in the 

forward direction.57 Most outward ray tracings range from 110º–150º. This region is of interest 

because derivative skewness values are sufficient for crackle perception along the 305 m arc, as 

established in a previous crackle listening study.8,9,19 Angles relative to the microphone array 

reference point (MARP) at which the outward ray tracings intersect with the microphone arcs are 

used as their position for comparisons of the OASPL and derivative skewness values with the 
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measured data in Section 4.3.1. Waveforms are numerically propagated at 204.8 kHz, which was 

the sampling frequency at the near-field array, then downsampled to 96 kHz for comparison with 

far-field measurements. 

 

Figure 4.1 Outward ray tracings of the propagation angle mode from the event-based 
beamforming for 150% ETR (see Figure 2.9d for inward ray tracing). 

 

4.2.2.1 Event Selection 

 The same 1000 largest derivative events used in the event-based beamforming (see Section 

2.2.1) are defined in the 36-s waveforms. For simplicity, a 20.48-s segment is chosen to be 

nonlinearly propagated and compared with the far-field measurements. On average, the 20.48-s 

segment contains ~750 large derivative events. An iterative process is used to find a 20.48-s 

segment with similar OASPL and derivative skewness values to that of the overall waveform. 

Across the entire array, derivative skewness values for a 5.12-s segment may vary by as much as 

10% while the OASPL varies less than 1 dB compared to the 36-s waveform. 
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4.2.2.2 Microphone Subset Selection 

 Ideal ground array measurements to compare directly with far-field measurements are 

those that have events projected to propagate near microphones along far-field arcs. A subset of 

eight microphones along the ground array are used to compare waveform segments centered about 

previously beamformed events using cross-correlation coefficients. Information for the locations, 

associated event-based beamforming group, propagation angles, and intersection angles with 

radial arcs are given in Table 4.1. Due to the sparseness of far-field arc microphones every 5º or 

10º, ground array microphones were chosen with events that have propagation angle modes such 

that the outward traced rays intersect near locations of far-field microphones. This generally means 

that the ground array microphones selected fall along a jet inlet angle radial as defined by the 

MARP and have similar propagation angle to the radial angle. The normalized histogram 

distributions in Figure 2.5b show that microphone pairs with events that propagate 110º to 150º 

have a spread of about 10°, which helps justify the use of the mode and splitting the difference of 

intersection angles across the arcs.  

Table 4.1 Radial angles of interest, event-based beamforming group number and color, 
propagation angle modes, array position jet inlet angle, and the intersection angle with far-
field arcs for the subset of eight ground array microphones used in the near to far-field event 
comparison. 

Radial 
Angle 

Group 
Number 

(& Color) 

Propagation 
Angle 
Mode 

Array 
Position 
Angle 

19 m 29 m 38 m 76 m 152  
m 

305  
m 

110° 3 (Purple) 113° 104.0° 108.9° 110.2° 110.9° 112.0° 112.5° 112.7° 
120° 4  (Green) 118° 127.3° 123.7° 121.8° 120.9° 119.4° 118.7° 118.4° 
125° 4  (Green) 124° 131.6° - - 126.5° 125.3° 124.6° 124.3° 
130° 4  (Green) 130° 138.4° - - 133.3° 131.6° 130.8° 130.4° 
135° 4  (Green) 134° 140.2° 139.1° 137.6° 136.6° 135.3° 134.6° 134.3° 
140° 5 (Yellow) 139° 144.0° - - 141.3° 140.2° 139.6° 139.3° 
145° 5 (Yellow) 144° 147.1° - - 145.6° 144.8° 144.4° 144.2° 
150° 6 (Orange) 149° 150.4° - - 150.4° 150.7° 150.9° 150.9° 
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 A smaller subset of three of the eight microphones in Table 4.1 are used to examine 

waveform features in Section 4.3.3. While the outer four arcs (38–305 m) are of primary interest 

because of their position in the far field, two additional inner arcs at 𝑟𝑟 = 19 m and 28 m have 

microphones at a more limited number of positions. For 110°, 120°, and 135°, microphones exist 

at both the inner 19 and 29 m arcs, whereas microphones only exist at one or neither location for 

other angles. This allows for a more incremental comparison between the nonlinearly propagated 

and measured waveforms in Section 4.3.3 and their corresponding cross-correlation coefficients 

in Section 4.3.4. 

4.2.3 Cross-correlation Coefficients 

 Near-field, crackle-related events are directly compared to far-field measurements using 

cross-correlation coefficients. First, to time-align waveforms, a cross-correlation is performed to 

find a time lag between the 20.48-s propagated waveform segment given in retarded time and the 

measured waveform at the propagated distance. Similar time-alignment can be found using the 

measured distances and speed of sound with differences of less than 0.1 ms up to the 76 m arc and 

within a few milliseconds at the 152 and 305 m arcs. Discrepancies are expected to increase with 

distance, as the assumed pathlength may differ due to microphone position uncertainty, varying 

ambient conditions impacting the speed of sound, wind, and the directivity of the beamformed 

events being different from that of the overall energy in the waveform. After waveforms are 

temporally aligned, cross-correlation coefficients, 𝜌𝜌xy , are calculated for the entire 20.48-s 

waveform and each individual event. For each of the 180–200 large-derivative events of interest, 

the 10-ms waveform segment centered about the event in the propagated and measured waveforms 

is used to calculate 𝜌𝜌xy. While no windowing or variable segment length based on the characteristic 
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frequency of the waveform is applied, these could be done to improve results.84 The 𝜌𝜌xy values are 

found only using nonlinear propagation on the ground-array waveform, which does not account 

for meteorological, terrain, or other measurement effects.  

4.3 Results and Analyses 

Validation and limitations of the nonlinear model are examined by comparing measured and 

propagated OASPL, derivative skewness, and spectra in Sections 4.3.1 and 4.3.2. Example 

waveforms are examined in Section 4.3.3 for three radial cases to provide a qualitative comparison 

of near to far-field crackle-related events. Lastly, cross-correlation coefficients for the propagated 

and measured shock waveforms segments are compared, providing a quantitative relationship 

between near and far-field events in Section 4.3.4. 

4.3.1 OASPL and Derivative Skewness Comparison 

 Comparisons between propagated and measured of OASPL and derivative skewness along 

four arcs are shown in Figure 4.2. Each plot denotes for a given arc array the measured values in 

black and the values of the propagated waveforms in colors, which represent the color groupings 

from Section 2.4.1.  Groups 3, 4, and 5 (purple, green, and yellow) are related to crackle perception 

at the near-field ground array, while the others are not, though their derivative skewness values 

may increase sufficiently for crackle perception in the far field. 

 The OASPL and derivative skewness have similar trends for both the propagated and 

measured data. The OASPL and derivative skewness for the propagated waveforms peak at larger 

angles. This suggests that the directivity of the noise source responsible for the large derivative 

events for those groups may be fundamentally different than the directivity of the noise 
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components producing the majority of the time-averaged energy. This region where the levels and 

derivative skewness are greater correspond primarily to group 5 (yellow), for which there is a 

slight increase in OASPL in the near field that perhaps does not radiate efficiently into the far field.  

Despite the disparity between directivities and peak values, the nonlinear propagation produces 

waveforms similar to the measured values in the far field. 

 

Figure 4.2 Measured and nonlinearly propagated projected OASPL and derivative skewness 
along the a) b) 38 m, c) d) 76 m, e) f) 152 m, and g) h) 305 m arcs. Colors identify event-based 
beamforming group, as defined in Section 2.4.1. 

 The choice of spherical spreading in the nonlinear model appears appropriate as validated 

by OASPL trends as a function of distance. For select angles from Table 4.1, OASPL and 

derivative skewness values as a function of distance are shown in Figure 4.3. The spherical decay 

rate, 𝜂𝜂, as a function of distance, 𝑟𝑟, is given as:  

 𝜂𝜂 = 20 log10 �
1
𝑟𝑟
� 

 

 
Equation (4.2) 
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waveform in Figure 4.5a, 4.6a, and 4.7a. Other large-derivative events, that are considered shocks 

according to the 15σ∂p ∂t⁄  shock criterion, may also exist within the 20-ms waveform and are 

similarly noted by a red x. Cross-correlation coefficients, 𝜌𝜌xy, are calculated and reported for 10-

ms segments centered about the main large derivative event at 0 ms (from -5 ms to 5 ms). 

 As shown in Figure 4.5, some shocks in the 20-ms waveform along the 110° radial (see 

row 1 in Table 4.1) do not persist to the far-field. The first large-derivative event at -8 ms is more 

impulsive, with a more abrupt rise and sharp drop after peaking, compared to the second event at 

0 ms. As a function of distance, the first event decays rapidly and is nearly unidentifiable beyond 

the ground array in the measured waveforms, though it persists slightly in the propagated 

waveforms. Similarly, the narrow-peaked, shock-like event at about -5.5 ms also decays and is not 

readily identifiable beyond the ground array. There are also a number of small shocks throughout 

the measured 19 m arc waveform that do not persist into the far field. 

 There are near-field shock events that do propagate into the far field, as demonstrated by 

the central event at 0 ms. At the 19 m arc, the measured waveform still has not quite steepened 

into a single shock. Two factors that likely attribute to the lack of a formed shock at 19 m is that 

the shock identified in the ground array data (Figure 4.5a) is present in the off-ground data (Figure 

4.5b) with a ground reflection and the shock measured at the ground could potentially be overly 

steepened due to the occurrence of an irregular shock reflection, as discussed in Chapter 3. As a 

result of the shock being fully formed at the ground, the derivative skewness at the ground is likely 

elevated and the subsequently propagated waveform decays more rapidly than the measured 

waveform, as there is increased absorption of energy at the shock peak. The behavior of the 

propagated versus measured waveforms can also be described by 𝜌𝜌xy. The 𝜌𝜌xy is lower at 19 m 

than 29 m, likely due to more significant ground interference at 19 m. Beyond 29 m, 𝜌𝜌xy decreases 
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4.3.4 Cross-correlation Coefficient Histograms 

 Cross-correlation coefficients, 𝜌𝜌xy , are calculated for segments of propagated and 

measured waveforms centered about shock events to provide a quantitative relationship of near-

field crackle-related events and far-field measurements. The distribution of calculated 𝜌𝜌xy values 

for the 10-ms waveform segments centered about each of the ~750 event are presented as box and 

whisker plots. Corresponding to the waveforms examined in Section 4.3.3, 𝜌𝜌xy distributions for 

six distances are first compared for three angles in Figure 4.8. Only the outer four arcs (38, 76, 

152, and 305 m) are considered for the 𝜌𝜌xy distributions of eight angles in Figure 4.9. For each 

distribution, the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively, 

while the central mark notes the median. The whiskers extend to approximately ± 2.7 𝜎𝜎 and 99.3% 

coverage assuming the data are normally distributed, with outliers are noted by red pluses. Lastly, 

comparisons between the 𝜌𝜌xy  value of the 20.48-s waveforms and the medians of the 𝜌𝜌xy 

distributions for the event comparisons are given in Table 4.2, revealing the significance of the 

𝜌𝜌xy values of the propagated events in the far field. 

 Spatially, the 𝜌𝜌xy  values are greater at farther aft angles and decreases with increased 

propagation distance. Distributions of 𝜌𝜌xy values are presented in Figure 4.8  for the six distances 

at the three angles that waveform examples were previously provided for in Section 4.3.3. Parts a) 

through c) are respectively for 110°, 120°, and 135° with each box-whisker corresponding to the 

distribution of 𝜌𝜌xy values for the 750 propagated events compared at a particular arc. Comparing 

across angles, distribution of 𝜌𝜌xy  values increases from 110° to 120° to 135°. With shocks 

occurring in quicker succession at 110°, they have more of a potential impact on affecting the 

cross-correlation about the events of interest.  A window or a shorter waveform segment at lower 
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angles may help to focus on just comparing the event itself, as Harker et al.84 suggests temporal 

normalization to more meaningfully compare correlations at different angles. Similar to previously 

examined waveforms of individual events, the 𝜌𝜌xy distributions decrease as a function of distance. 

The 𝜌𝜌xy values are generally greater at the 29 m than 19 m arc, likely due to ground reflections 

decreasing the correlation between the propagated ground waveform and the off-ground 

measurement along the 19 m arc. Despite the increase from 19 to 29 m, 𝜌𝜌xy generally decreases 

with greater propagation distance, as the physical effects not incorporated into the nonlinear 

propagation model potentially have a greater impact. 

 

Figure 4.8 Box and whisker plots of cross-correlation coefficients distribution for the 750 
propagated events compared with measured waveforms for the 6 arcs (19, 29, 38, 76, 152, and 
305 m) along the a) 110°, b) 120°, and c) 135° radials. On each box, lower and upper edges 
respectively represent the 25th and 75th percentiles with central line indicating the median. The 
whiskers extend to the most extreme values not considered outliers, while outliers noted as red 
pluses.  

 Similar spatial trends are observed for 𝜌𝜌xy values in Figure 4.9. Instead of each subplot 

corresponding to an angle, they now represent an arc, ranging from 38 to 305 m, and box-whiskers 

are distributions for a given angle along the arc. A quick visual inspection of Figure 4.8 shows the 

angular trend of 𝜌𝜌xy values increasing with angle, while Figure 4.9 demonstrates the decrease of 

𝜌𝜌xy  values increasing with distance. With more angles present in Figure 4.9, an increase in 
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increasing 𝜌𝜌xy values with angle is observed from 110° to 130°, 130°–150° perform almost equally 

well.  

 

Figure 4.9 Box and whisker plots of cross-correlation coefficients distribution for the 750 
propagated events compared with measured waveforms for angles ranging from 110–150° 
along the a) 38, b) 76, c) 152, and d) 305 m arcs. On each box, lower and upper edges 
respectively represent the 25th and 75th percentiles with central line indicating the median. The 
whiskers extend to the most extreme values not considered outliers, while outliers noted as red 
pluses. 

 To provide a reference to the significance of the 𝜌𝜌xy  distributions of the compared 

propagated events with far-field measurements, 𝜌𝜌xy values of the entire 20.48-s waveforms and 

for the median of event comparison distribution are listed in Table 4.2. The 𝜌𝜌xy value for the 

comparison of the 20.48-s propagated waveform and far-field measured waveform is noted in 
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Table 4.2  as “waveform” and the median of the 𝜌𝜌xy distribution of the 750 propagated events 

compared with far-field measurements in 10-ms segments as “events.” The 𝜌𝜌xy  value is 

consistently lower for the waveform than the events. Over half of the events for 130°–150° have 

0.5 > 𝜌𝜌xy. These distributions serve to show that there are a significant number of events from the 

near field that are related to waveform segments in the far field. However, these results do not 

directly answer how many of these events are directly responsible for crackle perception in the far 

field. From the waveform examples in Section 4.3.3, shocks measured in the near field may persist 

into the far field and result in large 𝜌𝜌xy values, while others do not. Regardless, there is a significant 

correlation between the near-field crackle-related events and measurements in the far field. 

Table 4.2 Cross-correlation values for the 20.48 s waveforms and the median for the event 
distribution shown in Figure 4.9 for the four arcs and eight angles represented in Table 4.1. 

Angle 38 m Arc 76 m Arc 152 m Arc 305 m Arc 
Waveform Events Waveform Events Waveform Events Waveform Events 

110° 0.29 0.36 0.18 0.28 0.05 0.19 0.04 0.19 
120° 0.41 0.52 0.31 0.44 0.12 0.39 0.09 0.32 
125° 0.48 0.55 0.39 0.48 0.16 0.42 0.15 0.42 
130° 0.56 0.64 0.52 0.58 0.23 0.57 0.20 0.53 
135° 0.64 0.67 0.47 0.56 0.22 0.55 0.20 0.51 
140° 0.68 0.72 0.49 0.58 0.23 0.56 0.21 0.53 
145° 0.55 0.68 0.47 0.58 0.20 0.55 0.18 0.52 
150° 0.60 0.69 0.55 0.61 0.20 0.55 0.18 0.52 

4.4 Conclusion 

 Near-field, event-based beamforming results have been extrapolated using a nonlinear 

model based on the GBE and compared to far-field measurements. Some limitations to the 

nonlinear model are that it does not include reflections, terrain effects, ray tracing due to wind or 

temperature gradients, and the input not necessarily being in the geometric far field where the 

spreading is most appropriately represented as spherical. The GBE assumes spherical spreading, 
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 The near to far-field correlation study of the crackle-related event in Chapter 4 could be 

expanded to examine all the engine conditions used in the event-based beamforming study. If 

multiple runs are used for the event-based beamforming study, they too can be used in the near to 

far-field correlation study. Also, the entire waveform, including all 1000 events, could be used to 

provide a larger number of events to compare. Individual inspection of events could further 

determine whether the near-field shock-like event persists into the far field and whether the cross-

correlation coefficient is relatively high or low. Variable segment lengths for performing cross-

correlation coefficients at different angles may increase the values at 110° and 120° and allow for 

more meaningful comparisons across angles. Investigation into the forward direction may lend 

insight as to whether the upstream radiating group 1 (blue) has any significant crackle content due 

to propagation. Lastly, an auralization study using the propagated waveforms can further validate 

the nonlinearly propagation method and provide a comparison of crackle perception due to the 

propagation relative to the measurements.   
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Appendix 
 Cross-correlation coefficients are used to justify the use of a two-point cross-correlation 

beamforming method in Chapter 1. Averaged cross-correlation coefficient values for 200 events 

at 150% ETR are shown in Figure A.1, The color at the intersection of the grid lines denote the 

correlation between the downstream mic number along the array shown on the abscissa and the 

number of mics upstream (−𝑧𝑧-direction) or downstream (+𝑧𝑧-direction) on the ordinate. The first 

20 microphones along the array drop off below 0.5 at the adjacent microphone, suggesting that 

many of these events are not strongly correlated. Farther downstream at greater mic numbers, the 

correlation is closer to 1 over several microphones. This suggests that the two-point beamforming 

method is perhaps better for upstream locations, as the correlation of events between adjacent 

microphones drops off quickly; however, downstream, where there appear to be more events 

persisting over a greater number of microphones, more than two microphones could be used to 

improve determining the apparent origin of the crackle-related events. 

 

Figure A.1 Correlation coefficients as a function of microphone number for the linear, ground 
array for 200 events at 150% ETR. 
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Figure A.2 Comparison of derivative skewness values for ½" microphones sampling at 96 kHz 
and ¼" microphones sampling at 192 kHz along at the 152 m arc for a) 75%, c) 100%, e) 
130%, and 150% ETR and at the 305 m arc for b) 75%, d) 100%, f) 130%, and h) 150% ETR. 
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