
Figure 4. (Left) Station 7 at  1.1 km. (Right) Station 6 at 283 m. In both images, the launch facility Mobile 
Service Tower is visible�� and within it is the rocket. Also visible in the foregrounds are the microphone 
ground plate/windscreen setups, instrumentation boxes, and weather stations. 

3. RESULTS
A. IGNITION OVERPRESSURE (IOP)

Ignition of the RD-180 engines on the Atlas V vehicle produces an ignition overpressure (IOP) event with a
characteristic signature. Waveforms containing the IOP are shown for stations 1-9 in Fig. 5. The IOP signature for the 
Atlas V is unique; it produces a noticeable whooshing sound unlike IOPs observed on other vehicles such as the Falcon 
9 and Space Launch System, which produce a more impulse-like signature. The unique behavior of this IOP is also 
shared with the Antares vehicle launched from the Mid-Atlantic Regional Spaceport. It is possible that the 
configuration of the flame trench could allow for strong resonances to be excited by the IOP event, producing the 
characteristic sound. It is also worth noting that the Antares vehicle uses RD-181 engines, which are largely the same 
as the RD-180 used on the Atlas V. Thus, the unique IOP signature of the Atlas V and Antares vehicles could also be 
related to the engines themselves. 

Figure 5. Ignition overpressure (IOP) waveform signatures from stations 1-9. 
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Figure 6 shows the peak sound pressure level (𝐿"#) associated with the IOP event at stations 1-9, relative to the 
mean 𝐿"# across these stations. All levels have been scaled for spherical spreading to 100𝐷!. The direction of the 
flame trench exit is indicated by the red dashed line. There is considerable azimuthal asymmetry in the scaled peak 
IOP levels. Stations closest to the flame trench exit azimuth consistently have a higher 𝐿"# than average, with station 
8 being 16 dB greater than the mean 𝐿"#. Opposite the flame trench exit, there are consistently lower-than-average 
peak levels, with the lowest being 14 dB lower than average. This indicates a scaled variability of 30 dB in the IOP 
𝐿"#, which is considerable. Similar IOP asymmetry corresponding to the flame trench direction was noticed by Gee 
et al.16 with the Space Launch System vehicle. This observation reinforces the understanding that significant IOP 
directionality exists with flame trenches, which should be considered when designing launch facilities and evaluating 
the environmental and ecological effects of rocket launches. 

Figure 6. Ignition overpressure (IOP) peak levels, relative to the average across all depicted sites, adjusted for 
geometric spreading to 100De (202 m) from the launch pad. The direction of the flame trench exit is indicated by 
the dashed red line. 

B. OVERALL SOUND PRESSURE LEVELS
Figure 7 shows the maximum 1-s averaged overall sound pressure levels (OASPL$%&) as a function of distance to

the source (the distance being calculated assuming a peak overall directivity angle of 65°). Note that all levels reported 
in this discussion are referenced to 20 μPa unless otherwise noted. Also shown are the OASPL$%& values adjusted for 
ground effects (triangular blue markers) by provisionally subtracting 6 dB from the level. This is a reasonable 
correction for the overall level as discussed by Hart et al.17, since the majority of rocket noise energy is concentrated 
at sufficiently low frequencies that typical ground surfaces essentially create a pressure-doubling effect at the 
microphone. 
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Figure 7. (Top) Maximum overall sound pressure levels as measured, compared with the prediction method of Eq. 
(1). Also shown are levels adjusted for ground effects and an adjusted prediction. (Bottom) Difference between 
measurement and prediction at each station.  

Also shown in Fig. 7 are curves representative of a simple predictive method for OASPL$%& of a rocket. The 
maximum overall sound pressure level of a launch vehicle at a given distance from the rocket may be approximated 
by the expression 

𝑂𝐴𝑆𝑃𝐿'() = 10 𝑙𝑜𝑔*+ @
𝜂𝑊'

10,*-𝑊C − 20 𝑙𝑜𝑔*+
(4𝜋𝑅-) + 𝑄'()

= 𝑂𝐴𝑃𝑊𝐿 − 20 𝑙𝑜𝑔*+(4𝜋𝑅-) + 𝑄'() ,	
(1) 

where 𝜂 is an acoustic efficiency (𝜂 = 𝑊(/𝑊') and 𝑊' is the mechanical power, taken to be approximately equal to 
*
-
𝑇𝑈!, where 𝑇 is the total thrust and 𝑈! is the engine exit velocity. In Eq. (1), 𝑅 is the distance to the source which is

the distance to the launch site. Assuming an overall angle of maximum radiation of 65°1, the relationship between 
these variables can be expressed as 𝑅 = 𝑑/ sin 65°. 

This model, first applied to rocket noise by McInerny18, combines three elements: the estimation of acoustic 
power from the mechanical power of the rocket by assuming an acoustic efficiency, accounting for spherical spreading 
(which gives the maximum overall sound pressure level for an equivalent monopole), and finally accounting for 
directionality by adding on a maximum directivity index 𝑄$%&. Historically, an efficiency of 𝜂 = 0.5%  has been 
assumed with a maximum directivity index of 𝑄$%& = 8	dB. However, accounting for ground reflections and applying 
a provisional decrease in measured pressures by a factor of two, the estimate for acoustic efficiency would then be 
reduced by a factor of two as well, which yields 𝜂 ≈ 0.25%. This adjustment also affects the calculation of 𝑄$%&, 
which would become 𝑄$%& = 5	dB. Using these adjusted values, the predicted maximum overall sound pressure levels 
now match closely the measured data that has been adjusted for ground effects.  

This model was also used earlier by Franken19 for turbojet noise, however, the geometric spreading term differed 
by treating the radiation as a half-space problem (2𝜋𝑅-, hemispherical spreading) instead of a free-space problem 
(4𝜋𝑅-, spherical spreading) due to the presence of the ground. It is worth noting that the formulation in Eq. (1) makes 
no provision to correct for ground effects, but also treats the problem as free space (hence the 4𝜋𝑅-). If Eq. (1) is 
adjusted to half-space, this changes the value of 𝑄$%& to be 5 dB instead of 8 dB. Since the acoustic efficiency is a 
property of the source regardless of whether the half- or free-space problem is considered, we can conclude that 𝜂 ≈
0.25%. Hence, the maximum overall level without accounting for ground effects (half-space) becomes  

Qmax
Qmax
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𝑂𝐴𝑆𝑃𝐿'(),/(01 = 10 𝑙𝑜𝑔*+ @
𝜂𝑊'

10,*-𝑊C− 20 𝑙𝑜𝑔*+
(2𝜋𝑅-) + 𝑄'()

= 𝑂𝐴𝑃𝑊𝐿 − 20 𝑙𝑜𝑔*+(2𝜋𝑅-) + 𝑄'() ,	
(2) 

and the maximum overall level accounting for ground effects (free space) is 

𝑂𝐴𝑆𝑃𝐿'(),12!! = 10 𝑙𝑜𝑔*+ @
𝜂𝑊'

10,*-𝑊C − 20 𝑙𝑜𝑔*+
(4𝜋𝑅-) + 𝑄'()

= 𝑂𝐴𝑃𝑊𝐿 − 20 𝑙𝑜𝑔*+(4𝜋𝑅-) + 𝑄'() .	
(3) 

In both cases, then, 𝜂 ≈ 0.25% and 𝑄$%& = 5 dB, which reflects these quantities being fundamental source properties 
unaffected by the presence or absence of the ground.  

The predicted values for OASPL$%& underestimate the true level slightly on average. However, there is not a 
consistent bias visible in the error between the measurement and the prediction in Fig. 7. Generally, the model predicts 
OASPL$%& accurately within a ±2.5 dB margin of errori. For a simplistic model that has no inclusion of propagation, 
nonlinear, or terrain effects, this performance is satisfactory. McInerny previously applied the same model across 5 
rocket launches (4 distinct vehicles) with a considerably larger relative error of ±6.4 dBii. 

To investigate potential azimuthal asymmetry effects on the overall maximum level, Table 2 shows the measured 
OASPL$%& at each station, as well as the OASPL$%& scaled for geometric spreading to a common distance of 100𝐷! =
202	m from the source. Also shown is the scaled OASPL$%& values relative to the average. There appears to be no 
apparent discernable bias in levels between 𝜑3 = 0° and 90° that is greater than the variation observed in each angular 
grouping.  

Table 2. OASPLmax and OASPLmax scaled for geometric spreading to a common distance of 100De. 

Station 𝑑 (m) 𝑅 (m) 𝜑" OASPLmax OASPLmax 
(Scaled to 
100𝐷!) 

dB re 
average 

OASPLmax 
1 217 239 0° 146.7 148.1 1.5 
2 656 724 0° 137.4 148.5 1.9 
3 2800 3090 0° 121.8 145.5 -1.1
4 1080 1192 45° 132.6 148.0 1.4 
5 2650 2924 45° 121.5 144.7 -1.9
6 283 312 90° 143.2 147.0 0.4 
7 1118 1234 90° 129.9 145.6 -1.0
8 1368 1509 90° 128.0 145.5 -1.1
9 3625 4000 90° 119.9 145.9 -0.7
10 7250 8000 30° 112.8 144.8 -1.8
11 6430 7095 30° 117.6 148.5 1.9

C. SPECTRAL CHARACTERISTICS
Representative third-octave band maximum launch noise spectra are shown in Fig. 8. The maximum spectra are

generated from the region where the noise is within 3 dB of the maximum overall level. Results are shown for the 
mid-field (Fig. 8a) and far-field (Fig. 8b) at 𝜑3 = 0° and 90°. The levels of each spectrum have been adjusted for 
spherical spreading to a common radial distance of 100𝐷! = 202 m. Visible in each spectrum is a high-frequency 
slope corresponding roughly to 𝑓,- (-10 dB/decade in a one-third octave sense), which is understood to correspond 
to acoustic shocks in the time domain20. Noticeably, this slope rolls off in the far-field at around 2-3 kHz, whereas in 

i Error max/min: +1.3/-2.5 dB, average (signed/absolute): -0.6/1.3 dB, rms: 1.6 dB; number of data points: 11. 
ii Error max/min: +6.4/-4.7 dB, average (signed/absolute): 2.0/3.6 dB, rms: 4.0 dB; number of data points: 19. 
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the mid-field, the shock-correlated slope continues through 20 kHz. This is evidence of the evolution and decay of 
shocks from the mid- to far-field, where the shock strength has decayed as atmospheric absorption begins to dominate 
at the higher frequencies21. 

Figure 8. Spectra from 0° and 90° for a) mid- and b) far-field locations. 

A noticeable feature in these spectra is the shifting in spectral peak frequency with azimuthal angle 𝜑3 . The peak 
frequency at 𝜑3 = 90° occurs at a higher frequency than 𝜑3 = 0°. This is summarized in Table 3, where the peak 
frequencies for all stations at 𝜑3 = 0° and 𝜑3 = 90° are shown.  

Table 3. One-third-octave peak frequency for each station at	𝝋" = 𝟎°, 𝟗𝟎°. 

Station 𝜑" 𝑓"# 

1 0° 40 
2 0° 31.5 
3 0° 25 
6 90° 50 
7 90° 50 
8 90° 40 
9 90° 31.5 

If these observed changes in peak frequency are related to single plume/merged plume behavior at 𝜑3 = 90° and 
0°, respectively, it would be expected that a Strouhal number scaling of the peak frequency could account for this 
effect since a characteristic diameter is included in the nondimensionalization. The classical Strouhal number used in 
jet noise is given by the expression 

𝑆𝑟 =
𝑓𝐷3
𝑈3

,	 (4) 

where 𝑓 is the frequency, 𝐷3 is a characteristic diameter (typically taken to be 𝐷 or 𝐷4 for jets), and 𝑈3 is a characteristic 
flow velocity (typically taken to be 𝑈! or 𝑈4 for jets). If true merged-plume behavior is present at 𝜑3 = 0° (observing 
both plumes broadside), then the characteristic diameter should be 𝐷3 = 𝐷! = 𝐷√2. Likewise, for an observer at 𝜑3 =
90°, only one plume is visible with the other being shielded from view, so the characteristic diameter is expected to 
be that of just one nozzle 𝐷3 = 𝐷. Using these different characteristic diameters in calculating the mean and median 
peak Strouhal number for 𝜑3 = 0° and 90°, the results in Table 4 show that for both the mean and median frequencies, 
the calculated Strouhal numbers for 𝜑3 = 0° and 90° are nearly identical. This suggests that the shift in peak frequency 
does appear to be related to a change in characteristic diameter corresponding to single and merged-plume behavior. 
While this link is promising, more data are needed to strengthen this hypothesis. 
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Table 4. Mean and median one-third octave peak frequency at all sites for	𝝋" = 𝟎°, 𝟗𝟎°. Mean and median 
Strouhal numbers, computed using the indicated characteristic diameters are also shown. 

𝜑" Mean(𝑓"#) Median(𝑓"#) 𝐷3 Mean(Sr"#) Median(Sr"#) 

0° 32.2 31.5 𝐷! = 𝐷√2 0.0195 0.0191 
90° 42.9 45 𝐷 0.0184 0.0193 

 While the peak frequency noticeably shifts, the portions of the spectra above and below the peak frequency do 
not appear to shift to the same degree. Instead, at 𝜑3 = 0° a lower frequency “bump” is added to the spectrum, 
corresponding to the merged plume, which alters the peak frequency of the spectrum while keeping the remaining 
portions of the spectrum largely the same. This is especially visible in Fig. 8a. Coltrin et al.22 noticed a similar 
phenomenon in a laboratory experiment, where as merged plume behavior began to dominate, a lower-frequency peak 
corresponding to the equivalent diameter appeared and began to dominate the single-nozzle frequency peak. This 
addition of a lower-frequency spectral peak also mirrors the two-zone model for clustered jets by Eldred et al.7 and 
Kandula8, which predicts a double-peaked spectrum for clustered jet flows. It is worth noting that this model 
incorporates no provisions for azimuthal variation. While the spectra shown in Fig. 8 do not appear to exhibit explicit 
double-peaked behavior, this could be due to the peaks not being well separated. Since the nozzles are relatively 
closely spaced on the Atlas V (𝑆/𝐷 ≈ 1.14), the radiation coming from the unmerged portion of the plume may be 
relatively weak as the plumes merge rather quickly; thus at 𝜑3 = 0°,	merged plume behavior with a lower characteristic 
frequency may dominate the higher frequency peak corresponding to unmerged (single) plume behavior. Further 
measurements are required to verify this theory. 

4. CONCLUSION
An acoustical measurement of the Atlas V JPSS-2 launch has been conducted. Measurements were made at 11

stations, ranging in distance from 217 to 7250 m from the launch site at a variety of azimuthal angles. Significant 
asymmetry of the ignition overpressure peak sound pressure level was observed. This asymmetry corresponded to the 
flame trench orientation; the distance-scaled peak sound pressure level was observed to be up to ~30 dB higher at 
locations near the flame trench exit azimuth than those opposite this direction.  

A simple directional source model predicted the maximum overall sound pressure level at all 11 sites accurately 
within ±2.5 dB. This model, accounting for ground effects, assumed an acoustic efficiency of 𝜂 ≈ 0.25% and a 
maximum directivity index of 𝑄$%& = 5	dB. 

During the launch, the maximum overall sound pressure level appeared to not correlate with the orientation of the 
nozzles with respect to the observer. However, where two nozzles were visible to the observer, the spectral peak 
frequency was lower. By applying Strouhal number scaling, the spectral peak frequencies were shown to correspond 
to single-plume behavior where only one nozzle was visible and combined-plume behavior where two nozzles were 
visible. This suggests that asymmetric clustered nozzle configurations may have different spectral characteristics 
depending on the orientation of the observer with respect to the nozzles. Further research into different nozzle 
configurations is warranted to quantify any possible effects. 
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Chapter 5 

Methods for predicting overall sound power and maximum 

overall sound pressure levels from heated supersonic jets, 

including rockets 

Prior work has resulted in models for estimating overall sound power levels (OAPWLs) and 

maximum overall sound pressure levels (⁠OASPLmax) from jet and rocket engines. Based on 

fundamental flow properties, this chapter builds on previous results and presents simple methods 

for predicting OAPWL and OASPLmax from heated supersonic jets and rockets. This chapter is 
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ABSTRACT:
Prior work [e.g., McInerny (1992). Noise Control Eng. J. 38(1), 5–16; McInerny (1996). J. Aircraft 33(3), 511–517;
Franken (1958). Noise Control 4(3), 8–16] has resulted in models for estimating overall sound power levels

(OAPWLs) and maximum overall sound pressure levels (OASPLmax) from jet and rocket engines. Based on

fundamental flow properties, this paper builds on previous results and presents simple methods for predicting

OAPWL and OASPLmax from heated supersonic jets and rockets. A method for estimating ground effects on

OASPLmax is also presented. The model’s performance is evaluated for launched Atlas V and Vulcan Centaur

rockets and an installed F404 jet engine at engine conditions ranging from 38% thrust through afterburner. The

results show good agreement for OASPLmax, where the root mean square error is confined to less than 2 dB for the

rockets and jet engine conditions considered.VC 2025 Acoustical Society of America.
https://doi.org/10.1121/10.0037192
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I. INTRODUCTION

Numerous models exist for predicting the far-field radi-

ated noise from supersonic jets and rockets. These models

range from simple computations that can be performed on a

scientific calculator to full-featured prediction suites, com-

plete with graphical interfaces, that compute advanced noise

metrics. Although the complex noise prediction software

packages are appealing and useful, elementary models still

retain merit. In particular, when fast, reasonably accurate

basic metrics are needed, such models excel at providing

predictions. Additionally, if these models are based on fun-

damental flow parameters, they can serve as a straightfor-

ward link between flow properties and noise characteristics.

Such capabilities may be useful in noise reduction efforts.

Furthermore, many advanced models build on the same

methodologies as this simple model, such as calculating

sound power and, hence, may benefit from advances in these

computations.

More advanced models, such as “RUMBLE” (Bradley

et al., 2018) and “RNOISE” (Sutherland, 1993; Plotkin et
al., 2004; Plotkin, 2010) for rockets, and the Advanced

Acoustic model (AAM; Page et al., 2009), Aircraft NOise
Prediction Program (ANOPP; NASA Langley Research

Center, 2010), and the SAE ARP876F standard (SAE

International, 2021) for jets provide advanced metrics, such

as sound exposure levels with various weightings, and

include numerous model inputs such as weather information

and detailed vehicle trajectory. Whereas complex models

such as these have great utility in community noise and

environmental impact assessments, basic models such as

that in this paper provide a quick, simple way to predict

basic acoustic parameters. Additionally, advanced noise

models do not always produce accurate results (Gee et al.,
2024), hence, further research into modeling is warranted.

This paper builds on similar models established by

Franken (1958), Franken (1960), and McInerny (1996) by

expanding into elementary flow parameters and adding a

dedicated correction for ground effects for observers near

the ground. Additionally, this model broadens its scope to

supersonic air jets and rockets, as the aforementioned mod-

els focused on only one application regime. This model for

maximum overall sound pressure levels (OASPLmax) is vali-

dated against modern, high-fidelity acoustic data from

launched rockets and a full-scale installed jet engine.

Because the methods presented in this paper form the basis

for several widely used empirical noise models—such as

NASA SP-8072 (Eldred, 1971) and its derivatives (e.g.,

Lubert et al., 2022), “RUMBLE” and “RNOISE”—the dis-

cussion provided here is directly relevant to those models

as well.

II. MODEL

Here, the predictive methodology is given in two main

parts. First, overall sound power level (OAPWL) is esti-

mated from elementary flow parameters. Second,

OASPLmax is calculated. A correction for ground effects is

then outlined. Finally, the effects of using exit vs fully-

expanded (FE) parameters for computing the overall sound

power are quantified.

a)Email: loganmathews@byu.edu
b)Email: kentgee@byu.edu
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A. OAPWL

To begin, the jet mechanical stream power, Wm, is

expressed as

Wm ¼ 1

2
FUe (1)

(Franken, 1958; Sutton and Biblarz, 2017; Walter, 2019),

where F is the total jet thrust and Ue is the mean jet velocity

at the nozzle exit. Thrust can be written in terms of jet and

ambient fluid properties as

F ¼ _meUe þ ðPe � P0ÞAe ¼ qeU
2
e þ ðPe � P0Þ

� �
Ae

(2)

(Mattingly, 2006; Sutton and Biblarz, 2017), where _me is

the mass flow rate at the nozzle exit, Pe is the mean pressure

at the nozzle exit, P0 is the ambient pressure, Ae is the noz-

zle exit area, and qe is the mean density at the nozzle exit.

The first term, _meUe, is known as the momentum thrust, and

the second term, ðPe � P0ÞAe, is the pressure thrust. In the

case of an ideally expanded jet, Pe ¼ P0, and the pressure

thrust term goes to zero, leaving only the momentum thrust

term. However, even when the jet is operating at imperfectly

expanded conditions, the pressure thrust term is still rela-

tively small (further quantification of this is provided in

Sec. II D). Hence, the pressure thrust term is often discarded,

and thrust is approximated as

F � _meUe ¼ qeU
2
eAe: (3)

Substituting this expression back into Eq. (1), the approxi-

mate mechanical power in terms of elementary flow proper-

ties is given as

Wm � 1

2
qeU

3
eAe: (4)

With the mechanical power defined, an acoustic efficiency

parameter g ¼ Wa=Wm is introduced to relate the mechani-

cal and acoustic powers (Lighthill, 1952), where Wa is the

acoustic power. Historically, the acoustic efficiency of

supersonic jets and rockets has been bounded in the range

0:1% < g < 1% (Eldred, 1971; Lubert et al., 2022). Using
the efficiency, the overall acoustic power can be given as

Wa ¼ gWm � 1

2
gqeU

3
eAe ¼ p

8
gqeU

3
eD

2
e ; (5)

where De is the exit diameter, written in this form for conve-

nience as diameter is often used instead of area. Because

total acoustic power is typically formatted as a decibel quan-

tity as the OAPWL, Eq. (5) is equivalent to

OAPWL¼ 10log10
Wa

Wref

� �
� 10log10

p
8Wref

gqeU
3
eD

2
e

� �

¼ 115:9þ10log10 gqeU
3
eD

2
e

� �
dB: (6)

This constitutes a compact formulation for calculating the

overall acoustic power from elementary flow parameters.

Given the simplicity of Eq. (6), it may be useful in applica-

tions that pursue optimizing/minimizing the acoustic power

of a supersonic jet; as OAPWL is expressed in terms of

these fundamental flow properties, it may be possible to

determine which parameters can be altered to reduce the

total jet sound power output while preserving thrust.

If the pressure thrust term is non-negligible, such as

may be the case for significantly over- or underexpanded

jets, OAPWL can be more accurately expressed as

OAPWL ¼ 115:9þ 10 log10
�
gUeD

2
e

�
qeU

2
e

þ ðPe � P0Þ
��

dB: (7)

In applications in which the thrust is known and density

is unknown, it may be more useful to express OAWPL in

terms of thrust, using Eq. (1), such that

OAPWL ¼ 10 log10
Wa

Wref

� �
¼ 117:0þ 10 log10 gFUeð Þ dB: (8)

B. Maximum overall sound pressure level (OASPLmax)

From the OAPWL, overall sound pressure levels

(OASPLs) can then be estimated. This is performed by con-

sidering the source to be compact and directional. Whereas

the aeroacoustic source of a jet is distributed, in the far-field,

its behavior can be approximated as a simple source. Yet,

how does the noise amplitude decay with distance? SP-8072

(Eldred, 1971) assumes spherical decay, as do McInerny

(1996), Franken (1958), and Franken (1960). Given the

shock-like content of supersonic jet and rocket noise wave-

forms, the noise amplitude decay can be bounded by spheri-

cal spreading and weak shock theory, which specify

pressure amplitude decay rates of r�1 and r�1ðln rÞ�1=2

(Blackstock et al., 2024), respectively. Here, spherical

spreading is considered; however, certain applications may

benefit from adjustments to the decay rate, although it

should be noted that a different spatial decay rate may mod-

ify the apparent acoustic efficiency and directivity index.

For spherical spreading, the expression for OASPL at an

observer point ðr; h;/Þ is written as

OASPLðr; h;/Þ � OAPWL� 10 log10 4pr2ð Þ
þ QOAðh;/Þ; (9)

where r is the distance from the source to the receiver, h is

the angle between the source-to-receiver vector and the jet

plume direction, / is the source-to-receiver vector azi-

muthal angle, and QOAðh;/Þ are the overall source directiv-
ity indices. Although this calculation assumes spherical

spreading from the source ð4pr2Þ, note that some models,

such as those by Franken (1958) and Franken (1960),

instead, implement hemispherical spreading ð2pr2Þ to
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account for a horizontally oriented jet on the ground plane,

which is approximated as a half-space problem with inco-

herent ground reflections.

Jets and rockets are typically modeled as azimuthally

symmetric sources, particularly when a single nozzle or

tightly clustered nozzles are used. Under this assumption, the

directivity index varies only with polar angle h, denoted as

QOAðhÞ. Although modern rockets are often approximated as

azimuthally symmetric, azimuthal asymmetries in jet and

rocket noise remain an active area of research. Directivity

indices can be measured experimentally or obtained from

empirical models (Eldred, 1971; James et al., 2014; Hart et
al., 2023). Whereas OASPL as a function of h provides

insight into the angular variation of noise, it is common prac-

tice to focus on the maximum directivity angle, hmax, to char-

acterize maximum overall sound levels. This metric is widely

used in jet and rocket noise literature as a first-order indicator

of maximum acoustic loading and commonly referenced in

environmental assessments. In such cases, the directivity

index can be simplified to its maximum value, Qmax;OA

¼ QOAðhmaxÞ. Accordingly, the expression for OASPLmax of

an azimuthally symmetric source is given by

OASPLmaxðrÞ � OAPWL� 10 log10 4pr2ð Þ þ Qmax;OA:

(10)

C. Ground effects

The expressions presented thus far for OASPLmax

assume a free-space problem with no ground effects.

However, most observers in a jet noise problem will be

located near a finite-impedance ground surface. Thus, in

addition to the sound transmitted to the receiver directly,

there will also be reflected sound that reaches the observer.

The ground effect on the sound pressure level at the receiver

is complicated and involves ray-path geometry, ground

impedance, and noise frequency.

For a medium- to large-sized rocket, the peak frequency

is typically quite low with most sound energy being con-

strained to frequencies below 40Hz. Hart and Gee (2023) dis-

cussed the effect of reflections from a finite-impedance

ground surface for rocket launches with observers near the

ground. Their findings indicated that for most common surfa-

ces (e.g., dirt, grass, and pavement), the ground would

increase OASPLmax by 5.5–6 dB relative to free-field condi-

tions for rockets with a peak frequency < 60 Hz. This corre-

sponds to OASPLmax increasing by a factor of 1.9–2. This

simplified method of accounting for ground effects uses a

parameter d that can be included in the model as

OASPLmaxðrÞ � OAPWL� 10 log10 4pr2ð Þ
þ Qmax;OA þ 20 log10ðdÞ; (11)

where d ¼ 1 for the free-space OASPLmax and d ¼ 2 for

observers on a rigid ground surface. For higher frequency

signals, such as jet aircraft engines (peak frequencies

between 80 and 500Hz depending on engine and operating

condition), or for lower-impedance ground surfaces (such as

soft snow), the factor may be less. For instance, Christian et
al. (2023a) implemented a ground reflection model for a

full-scale static jet measurement and elevated microphones

over hard-packed dirt; their results indicate 1:7 < d < 1:2
for a range of engine conditions, where the fully supersonic

engine conditions are 1:2 < d < 1:3. However, these were

obtained for elevated microphones placed at 1.5m above

ground level. If comparing to ground-based measurements,

d will generally approach two. To this end, the sonic boom

community has long used a ground reflection factor of 1.9

for ground-based measurements (Onyeowu, 1975).

To provide an estimation for values of d, the methodology

of Hart and Gee (2023) is followed here, with a few caveats.

Instead of modeling the rocket noise spectrum as a simple

“haystack” shape, this analysis uses a spectral shape with a

broader peak, which is more representative of measured rocket

noise. This was achieved by using a modified version of the

empirical formula associated with noise from large-scale tur-

bulence structures by Tam et al. (1996). Discussion of this

modified empirical spectrum is given in Appendix A. The

model of Embleton et al. (1983) is used to estimate the spectral

ground effects at various values of effective flow resistivities.

Figure 1(a) shows an example model spectrum with a peak

frequency of 30Hz (an upper bound for medium-lift class

rockets) and three estimated, ground-affected spectra corre-

sponding to ground surfaces with different effective flow resis-

tivities (r, in units of cgs rayls), each with receiver heights

of 6mm. For reference, r ¼ 20 corresponds to soft snow, r
¼ 200 corresponds to grass, and r ¼ 100 000 corresponds to

concrete (Embleton et al., 1983). The effect on the OASPL of

each spectrum and the correction factor, d, are also displayed.

Figure 1(b) shows the calculated values of d for a wide range

of spectral peak frequencies and values of r. These values

were computed assuming a receiver height of 6mm.

D. Exit vs FE parameters

An important distinction to make is whether to use exit

or equivalent FE jet parameters when estimating sound

power. Some models specify which parameter to use, whereas

others remain agnostic. Exact thrust and mechanical calcula-

tions, such as those in Eq. (2), employ exit parameters.

However, in many situations, the parameters for the pressure

thrust term are unknown and, hence, some have advocated for

using FE parameters instead, which would not require the

inclusion of pressure thrust (e.g., Varnier, 2001). Although it

is impossible to quantify the difference between using exit

and FE parameters for all jets, in general, the degree to which

the difference will matter depends on the specific jet operating

parameters—the closer to ideally expanded that a jet is, the

less the difference between exit and FE parameters will be.

As noted by Lubert et al. (2022), the question of whether to

use exit or FE parameters remains unresolved. Therefore, a

practical comparison of thrust and mechanical power calcu-

lated using both sets of parameters is presented here.
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To quantify the differences between exit and FE power

calculations, Table I shows the difference for an afterburning

military jet engine and several rockets. The estimation of

parameters used in this analysis is discussed in Appendix B. In

terms of thrust, the most accurate estimate is given using

Eq. (2) with exit parameters. Using FE in place of exit parame-

ters in Eq. (2) also yields accurate results. However, neglecting

the pressure thrust term with exit conditions, as is the case with

the simplified Eq. (3), yields appreciable thrust errors for the

F404 engine at the two lowest engine powers but not for the

rocket engines that are considered. It should be noted that these

two lower engine conditions for the F404 are in the transonic

regime.

In terms of mechanical (and acoustic) power, using the

exact expressions of Eqs. (1) and (2) is accurate to within

0.1 dB for all engines and conditions. Aside from the 38%

and 55% thrust conditions for the T-7A, the error in mechani-

cal power for the approximate Eq. (4) with either exit for FE

parameters is accurate to within 0.3 dB. Hence, whereas we

recommend using the full equations with exit parameters

whenever feasible, using approximated expressions for calcu-

lating the mechanical/acoustic power with either exit or FE

parameters yields reasonable results, particularly for rockets.

E. Meteorological and propagation effects

Meteorological conditions can significantly influence

noise propagation from jets and rockets, especially at greater

distances from the source. Atmospheric absorption, wind,

and refractive effects, such as curved-ray propagation, can

all contribute to variability in received noise levels.

Additionally, nonlinear propagation phenomena may further

affect the acoustic signatures observed at far-field locations.

Given the complexity and site-specific nature of these

effects, a comprehensive treatment is beyond the scope of

this work. However, the predictive model developed here

can be used in conjunction with corrections from established

propagation models—such as ray-tracing techniques and

nonlinear acoustic models—which can be used to improve

far-field accuracy when such refinements are needed.

III. VALIDATION

In the following examples, the models for OAPWL

[Eqs. (6) and (7)] and OASPLmax [Eq. (11)] are validated for

two types of supersonic jets: launched, medium-lift class

rockets and a high-performance afterburner-capable jet

engine. These two scenarios are representative of the types

of applications this model is designed for.

A. Rockets

To validate the model for rockets, the predicted

OASPLmax values are compared to those obtained through

measurements from two liquid-fueled Atlas V 401 rocket

launches from Space Launch Complex-3E (SLC-3E) at

Vandenberg Space Force (VSFB), CA. Launch details and

surface weather conditions for each launch are given in

FIG. 1. (a) Sample spectrum with modeled ground effects for an observer

6mm above the ground at three representative values of r, and (b) esti-

mated values of d calculated for model spectra of varying peak frequencies

and values of r are shown.

TABLE I. Error in thrust and mechanical power calculated using exit conditions (exact and without pressure thrust terms), as well as with FE parameters for

the F404 jet engine and Merlin 1D, RD-180, and BE-4 rocket engines.

Thrust error (%) Mechanical power error (dB)

Vehicle Engine Condition Eq. (2) Eq. (3) Eq. (2), FE Eqs. (1) and (2) Eq. (4) Eq. (4), FE

T-7A F404 38% thrust 0% 48% 3% 0.0 1.7 �1.4

T-7A F404 55% thrust 1% 32% 2% 0.0 1.2 �1

T-7A F404 MIL 1% 8% 1% 0.1 0.4 �0.3

T-7A F404 AB 2% 11% 1% 0.1 0.4 �0.3

Falcon 9 Merlin 1D 100% thrust 1% 3% 0% 0.0 0.1 �0.1

Atlas V RD-180 100% thrust 0% 4% 1% 0.0 0.2 �0.1

Vulcan/New Glenn BE-4 100% thrust 1% 6% 3% 0.1 0.3 �0.1
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Table II. Further details for the Atlas V Landsat 9 and JPSS-2

launches are given by Cunningham et al. (2023) and

Mathews et al. (2023), respectively. Furthermore, the model

is validated against a recent measurement of the Vulcan

Centaur (VC) Cert-2 launch from Space Launch Complex-41

(SLC-41) at Cape Canaveral Space Force Station (CCSFS),

FL. This rocket used liquid engines and solid rocket motors.

OASPL values were computed from measured waveforms

using 1-s blocks with 50% overlap. For the model input

parameters, estimations were made from publicly available

data and computational tools, which is discussed in Appendix

B and are reported in Table III. The acoustic efficiency is

assumed to be g ¼ 0:33% per the findings of Kellison and

Gee (2023). To account for ground effects, a value of d ¼ 1:9
is chosen based on Fig. 1, given the measurements were

largely made on either dirt or a vegetated surface, and the

rocket peak frequencies are <30Hz. Qmax;OA is chosen to be

5 dB, based on the findings of McInerny (1996), although it

should be noted that this parameter deserves more study.

Notably, McInerny (1996) used Qmax;OA values of 5 dB to

estimate average levels across the 6 dB re maximum region

and 8 dB for estimating maximum 1-s block averaged

OASPLmax values. However, ground effects were not sepa-

rately accounted for in the model by McInerny (1996). When

accounting for ground effects separately, such as in Eq. (11),

Qmax;OA reduces from 8 to 5 dB.1

The resulting predictions, compared with measured val-

ues, are reported in Fig. 2 as a function of approximate dis-

tance from the source. This distance is approximated by

assuming a nominal maximum emission angle of 71� for the

Atlas V based on the findings of Mathews et al. (2021) for the
Falcon 9,2 as the RD-180 engines of the Atlas V use the same

propellant as and have similar performance to the Merlin 1D

engines of Falcon 9. Furthermore, a recently proposed convec-

tive Mach number model by Gee et al. (2025) estimates the

peak directivity angle as hmax � cos�1½ðc0=UeÞ1=2�, which

also yields hmax � 71�. For the VC vehicle, this is somewhat

more complicated as there are two types of engines.

Following the methods of Kellison et al. (2024) for the Space
Launch System rocket, another vehicle with liquid engines

and solid rocket motors, a maximum emission angle is esti-

mated to be 69� for the VC2 configuration. The resulting pre-

dictions for OASPLmax from the Atlas V launches in Fig. 2(a)

shows good agreement, generally, where the root mean square

error (RMSE) is confined to less than 1.8 dB between mea-

surement and prediction.

Interestingly, Fig. 2(a) shows two different data trends,

which are grouped by launch. The JPSS-2 launch fits the

linear, spherical decay rate (r�1, –20 dB/decade) of Eq. (11)

well. However, the Landsat 9OASPLmax values appear to

decay faster. As mentioned in Sec. II B, weak shock theory

would predict a decay rate of r�1ðln rÞ�1=2
(Blackstock

et al., 2024). In the far-field, this approximates to r�1:1

(–22 dB/decade; ANSI/ASA, 2011), which is indicated

by the gray dashed line. It appears that the Landsat

9OASPLmax values follow this decay rate. Although a thor-

ough investigation into the cause of this discrepancy is

beyond the scope of this paper, one hypothesis is proposed

here. At the respective launches, the surface weather condi-

tions indicated 15 �C/88% relative humidity (RH) and 8 �C/
76% RH for Landsat 9 and JPSS-2, respectively.

Additionally, the Landsat 9 launch had overcast conditions

with dense fog, whereas the JPSS-2 launch was clear. The

increased atmospheric humidity at ground level and in the

atmosphere at the Landsat 9 launch would decrease absorp-

tion (ANSI/ASA, 2009), leading to more shock-like wave-

forms that would decay closer to weak shock theory.

For the VC Cert-2 launch, depicted in Fig. 2(b), a dif-

ferent trend emerges. Using the same values of g, Qmax;OA,

and d reveals a general overprediction of measured values

by 3 dB, which is indicated by the solid line. However, if g
is halved (resulting in an acoustic efficiency of 0.17%), the

fit is substantially improved with a RMSE of 1.7 dB. This

suggests that the acoustic efficiency of the VC2 vehicle is

lower than that of the Atlas V 401. One postulate for this

discrepancy is that the separated plumes of the VC2 vehicle

result in a lower acoustic efficiency than the tightly clus-

tered plumes of the Atlas V 401. Further research is neces-

sary to establish the cause of this apparent difference in

acoustic efficiency between these two vehicles.

TABLE II. Launch details and surface weather information for the three launches considered.

Vehicle and

mission Launch site

Launch date/

time (UTC)

Weather

observation time Temperature (�C)
Relative

humidity (%)

Wind

speed (m/s)

Wind

direction (deg) Cloud cover

Atlas V Landsat 9 VSFB, SLC-3E 27 Sep 2021, 18:12 Lþ 0:19 15 88 2.6 330 Overcast

Atlas V JPSS-2 VSFB, SLC-3E 10 Nov 2022, 09:49 L� 0:01 8 76 2.1 70 Clear

VC Cert-2 CCSFS, SLC-41 04 Oct 2024, 11:25 Lþ 0:00 27 87 1 104 Scattered

TABLE III. Estimated plume parameters for the Atlas V 401 and VC VC2 rockets.

Vehicle Engine/motor Number
Component total Vehicle total

F (MN) Wm (GW) F (MN) Wm (GW)

Atlas V 401 RD-180 1 3.83 6.06 3.83 6.06

VC VC2
BE-4 2 4.90 7.80 9.02 12.9

GEM 63XL 2 4.12 5.09
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B. Full-scale, afterburner-capable jet engine

To extend the validation regime beyond rockets, the

model is applied to the GE F404, a full-scale jet engine

capable of afterburning operation. The data are from a 2019

measurement of the T-7A trainer aircraft, details of which

can be found in Leete et al. (2021). The model is applied at

four different operating conditions: 38% thrust, 56% thrust,

MIL (“military” power, 100% non-afterburning thrust), and

maximum afterburner (AB, 152% thrust). As reported by

Christian et al. (2023a), the FE Mach numbers at these con-

ditions are 0.94, 1.1, 1.43, and 1.46, hence, the data repre-

sent engine conditions ranging from transonic to supersonic.

As more detailed jet parameters are available for this

application (see Appendix B), the full, pressure thrust-inclusive

model of Eqs. (7) and (11) is used and compared to the approx-

imated, pressure thrust neglecting model, consisting of Eqs. (6)

and (11). Additionally, condition-specific model parameters

are used, which are shown in Table IV. Values for g are from

the results of Christian et al. (2023b) and values of d are deter-

mined from the ground reflection correction results at each

engine condition’s peak directivity angle by Christian et al.
(2023a). Qmax values are determined from a refined methodol-

ogy of Christian et al. (2022). The primary reasons for d values
being lower than the rocket example in Sec. IIIA are that the

peak frequencies are significantly higher (100–500Hz), and

the jet measurements were made 1.5m off the ground.

The jet parameters are used to compare the model against

data measured at elevated microphones. Figure 3(a) shows the

measurement locations for each engine condition analyzed

here. These locations are chosen to align with the peak direc-

tivity angle at each engine condition, as specified by Gee et al.

(2025). The measured and predicted OASPLmax for the four

engine conditions at various distances are shown in Fig. 3(b).

Markers indicate the average OASPLmax values for all six

engine runups while bars indicate the measurement OASPLmax

variability across the runups. Notably, the spread in measured

OASPLmax, particularly at greater propagation distances, is

substantial—showing variability of up to 63dB from the

mean. Streeter et al. (2024) investigated this variability and

attributed it primarily to changes in meteorological conditions

during the measurement period. Engine conditions were repro-

duced with high accuracy, exhibiting expected thrust variations

of less than 0.5%.3 Because the observed variability increases

with propagation distance, meteorological factors are the most

likely source of the differences. Comparing to the

TABLE IV. Values of parameters g, Qmax, and d used for the T-7A/F404

engine at the four engine conditions.

Engine condition g Qmax d

38% Thrust 0.014% 7.4 dB 1.68

56% Thrust 0.19% 7.5 dB 1.23

MIL (100% thrust) 0.51% 7.0 dB 1.21

AB (152% thrust) 0.61% 5.9 dB 1.29

FIG. 2. (a) OASPLmax as measured for two different Atlas V launches com-

pared to predictions via Eqs. (6) and (11), and (b) OASPLmax for a VC

launch compared to predictions via Eqs. (6) and (11) for two different val-

ues of acoustic efficiency are shown.

FIG. 3. (a) Measurement locations for peak directivity angles at four T-7A/

F404 engine conditions, (b) measured OASPLmax compared to predictions

at four T-7A/F404 engine conditions with full [Eqs. (7) and (11)] and

approximated [Eqs. (6) and (11)] models are shown. Markers indicate the

average OASPLmax values for all six engine runups while bars indicate the

measurement OASPLmax variability across the runups.
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acoustic pressure accuracy over the legacy model. These results demonstrate SATURN’s 

potential as a modular, accurate tool for rocket noise prediction based on modern data, providing 

a foundation for ongoing research and validation across diverse vehicles and launch scenarios. 

6.1 Introduction 

Rockets are among the most intense, sustained sources of anthropogenic noise. As global 

launch activity accelerates—with no signs of slowing (see Fig. 1.1)—acoustic concerns remain a 

central challenge in launch operations. The extreme amplitudes and broadband character of 

rocket noise can affect payloads, vehicles, infrastructure, nearby communities, and the 

environment. Accurate modeling and prediction are essential for assessing these impacts and 

ensuring the safety and sustainability of current and future launch systems. 

Computational fluid dynamics and computational aeroacoustics tools such as the NASA 

Launch Ascent and Vehicle Aerodynamics (Kiris et al. 2016) code as well as other rocket-noise 

related simulations (Kiris et al., 2008; Tsutsumi et al., 2015; Harris et al., 2016, Liever et al., 

2017; Tsutsumi et al., 2019, Della Posta et al., 2023, among others) have seen significant 

advancement in recent years. While these tools provide highly resolved flow and acoustic 

information, they are computationally expensive and have limited validation against acoustic 

measurements of full-scale rockets, especially in the far-field. As a result, these tools are 

presently best suited to nearfield applications such as acoustics from interactions between rocket 

plumes and launch pad structures, as well as investigating the physics of flow-acoustic coupling 

and noise generation mechanisms. Thus, empirical rocket noise prediction tools retain merit for 
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applications involving far-field noise prediction due to their computational efficiency and fidelity 

in the far field. 

For over five decades, NASA SP-8072 (Eldred, 1971) has served as the foundational 

empirical model for rocket noise prediction. It has informed numerous derivative models and 

undergone selective refinements (Haynes et al., 2009; James et al., 2012). As reviewed by 

Lubert et al. (2022), SP-8072 is based on empirical data collected in the 1950s and ’60s. While 

advanced for its time, the underlying instrumentation, analysis methods, and rocket engine 

technologies have since been surpassed in precision and complexity. Though some modern 

efforts have refined individual model parameters such as the directivity indices (e.g., Kenny et 

al., 2009; James et al., 2012), much of the methodology in SP-8072 has not been revisited in the 

literature, and propagative losses remain unaddressed in the SP-8072 model.   

This paper presents SATURN (Scientific Acoustic Tool for Understanding Rocket Noise), a 

revised predictive framework that modernizes the SP-8072 approach for 21st-century launch 

systems. SATURN builds upon the SP-8072 methodology in three key ways: it integrates high-

fidelity inputs from modern measurements, accounts for propagative losses using empirical 

modeling, and is designed to be modular and extensible—supporting evolving launch 

architectures and mission requirements. 

Unlike commercial tools such as RUMBLE (Bradley et al., 2018), which is publicly 

available but closed-source, or RNOISE (Sutherland, 1993; Plotkin et al., 2004; Plotkin, 2010), 

which is not publicly distributed, SATURN is a research-focused tool. It provides full, time-

resolved spectral estimates of rocket noise and is structured for easy modification, allowing 

researchers to incorporate new inputs and refine model components. Moreover, it is released in a 
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publicly available format with transparent methodology, enabling the research community to 

examine, validate, and build upon its approach.  

The following sections detail SATURN’s methodology, including the derivation of updated 

source characteristics from modern data, an empirically informed propagation model, and 

validation against measurements from two modern launch vehicles: Firefly Alpha and SpaceX 

Starship. Validation results demonstrate SATURN’s improved performance with regard to 

unweighted and A-weighted maximum levels across a range of distances, as well as comparing 

its predictions for time-resolved sound levels and maximum spectra at several representative 

sites. Compared to SP-8072, SATURN represents both a significant improvement in terms of 

absolute metrics, as well as time-resolved and broadband spectral predictions that closely match 

measured acoustic data—a capability not available in present public-facing tools. 

6.2 Model Data Sources 

The model is developed using acoustic measurements from the launch of a medium-lift class 

Atlas V 401 rocket at Vandenberg Space Force Base, California, USA for the JPSS-2 mission. A 

detailed description of the data collection campaign is provided by Mathews et al. (2023). 

Measurements were acquired at various radial distances (𝑑𝑑) and azimuthal angles relative to the 

launch pad—ranging from 220 m to 7.2 km from the launch site. A map of the measurement 

locations relative to the launch facility is provided in Fig. 6.1. Weather conditions during the 

launch, summarized by Mathews and Gee (2025), were cool, clear, and characterized by light, 

steady winds. These mild and uniform conditions help ensure that variations in measured levels 

are dominated by source and geometric effects, with minimal influence from atmospheric 

refraction, turbulence, or other meteorological propagation effects. While SATURN’s parameters 
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are currently developed using this single dataset, its modular formulation and empirical basis are 

intended to allow for application to a wide range of rocket configurations and scales. Future 

incorporation of additional launch datasets spanning different vehicle types, scales, and 

atmospheric conditions could potentially improve the model’s predictive robustness and broaden 

its general applicability. 

Figure 6.1. Map showing measurement locations and launch pad for the Atlas V JPSS-2 
launch. 

To minimize the influence of meteorological and other propagation effects, only data 

collected within 1 km of the launch site are used to construct the source model. This threshold 

balances two considerations: reducing propagation-related attenuation and maintaining sufficient 

spatial coverage. A smaller distance could further limit propagation effects but would reduce the 

number of available measurement sites to less than three, making the results more susceptible to 

bias from any single station. The 1 km range thus provides a practical compromise, retaining 

three independent sites for averaging while ensuring the derived source characteristics primarily 

reflect source-region physics. Previous launch noise studies demonstrate nearly spherical decay 
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within this range, indicating minimal propagative attenuation (Durrant et al., 2023; Mathews et 

al., 2023; Gee et al., 2025b). 

6.3 Methodology 

This section outlines the SATURN methodology. First, the problem geometry and 

coordinate system are introduced. Then, the procedure for estimating source sound power and its 

spectral distribution is described. The process for computing sound pressure levels at receiver 

locations—accounting for directivity, geometric spreading, and propagation losses—is then 

presented. Finally, the framework for computing relevant noise metrics is discussed. 

6.3.1 Layout and Geometry 

To compute acoustic quantities at field points relative to a moving rocket source, a 

consistent frame of reference is required. SATURN adopts a fixed east-north-up (ENU) 

coordinate system, with the origin at the bottom center of the launch vehicle on the launch pad:  

(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = (0,0,0). The ENU axes are defined such that +x points east, +y points north, and +z 

points vertically upward. The observer position is represented in this coordinate system as 𝑷𝑷 =

(𝑥𝑥,𝑦𝑦, 𝑧𝑧) and the rocket trajectory is given as 𝑻𝑻 = (𝑥𝑥′,𝑦𝑦′, 𝑧𝑧′). For a rocket trajectory, each 

component of the state vector is a vector itself and is a function of time. 
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6.3.2 Sound Power 

SATURN begins by estimating the overall sound power of the rocket plume, a key source 

quantity that describes the total amount acoustic power radiated to the far-field. This is done in 

two steps: estimating the total (broadband) sound power level and then deriving the sound power 

spectrum. This allows for the total acoustic power output of the rocket at each frequency to be 

estimated. From this, spectral sound pressure levels can be estimated through the application of 

directivity indices and propagation. 

6.3.2.1 Overall Sound Power Level 

First, the overall sound power level (OAPWL) is estimated from plume parameters. The 

total mechanical power of a rocket plume is approximately given by the expression 

  𝑊𝑊𝑚𝑚 ≈
1
2
𝐹𝐹𝑈𝑈𝑒𝑒 , (6.1) 

where 𝐹𝐹 is the vehicle thrust in Newtons and 𝑈𝑈𝑒𝑒 is the exit velocity in meters per second (Eldred, 

1971; Mathews and Gee, 2025). Note that this expression is a simplification of the full 

expression for mechanical power; for engines operating in extremely over- or underexpanded 

regimes (exit pressures ~>50% different than ambient pressure), this approximation may not 

hold. Mathews and Gee (2025) discuss the derivation of this equation, its simplifications, and the 

error associated with this approximation for several rocket engines. They show that for several 

representative rocket engines, this expression is accurate to within 0.3 dB of the full expression 

for mechanical power.  
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 From the mechanical power, the overall acoustic power, 𝑊𝑊OA, can then be estimated. This 

is done by assuming an acoustic efficiency parameter, 𝜂𝜂, that describes the ratio of acoustic to 

mechanical powers in the jet plume (Franken, 1958; Eldred, 1971): 

  𝑊𝑊OA = 𝜂𝜂𝑊𝑊𝑚𝑚 ≈
𝜂𝜂
2
𝐹𝐹𝑈𝑈𝑒𝑒 . (6.2) 

Eldred (1971) suggested that 𝜂𝜂 is likely bounded between 0.1% and 1%, with 0.5% being a 

conservative average estimate. Based on comparisons between modeled and measured levels for 

Atlas V, Mathews and Gee (2025) found that an acoustic efficiency of 0.33% yields accurate 

predictions of peak sound pressure levels. There is still much to be understood about 𝜂𝜂, 

especially whether it is a fixed quantity or whether it appears to change based on rocket engine 

type, parameters, and clustering—basic sound level modeling by Mathews and Gee (2025) 

indicates that two different rocket configurations need different values of the parameter 𝜂𝜂 in a 

model to accurately predict maximum levels. Furthermore, Christian et al. (2023) demonstrate 

that 𝜂𝜂 appears to vary for a tactical aircraft engine across engine condition—a phenomenon that 

could potentially extend to the rocket regime. 

The overall sound power level in decibels is then given by: 

  𝐿𝐿𝑤𝑤,OA = 10 log10 �
𝑊𝑊OA

𝑊𝑊ref
� = 10 log10 �

1
2

𝜂𝜂
𝑊𝑊ref

𝐹𝐹𝑈𝑈𝑒𝑒�, (6.3) 

where 𝑊𝑊ref is the reference acoustic power equal to 10-12 W. In terms of error propagation, 

Mathews and Gee (2025) discuss that errors of up to 5% in 𝑊𝑊𝑚𝑚 only produce variations of 0.2 dB 

in 𝐿𝐿𝑤𝑤,OA, so this computation is not particularly sensitive to minor errors. 

6.3.2.2 Sound Power Spectrum 

With the overall sound power level determined, the sound power spectrum 𝐿𝐿𝑤𝑤(Sr) can be 

estimated using a normalized relative spectrum 𝐿𝐿�𝑤𝑤(Sr). This normalized spectrum expresses the 



 76 

spectral levels relative to the overall sound power level and applies Strouhal-number scaling to 

account for geometric and velocity differences between rockets. This approach enables the 

construction of a model spectrum that can, in principle, be scaled to any rocket configuration. 

Although Mathews et al. (2021) and Lubert et al. (2022) highlight uncertainties with Strouhal 

scaling for rockets, it remains the most widely used and practical method available. The Strouhal 

number is a dimensionless frequency defined as Sr = 𝑓𝑓𝐷𝐷eff/𝑈𝑈𝑒𝑒 , where 𝑓𝑓 is the frequency in 

hertz, 𝐷𝐷eff is the effective nozzle diameter, and 𝑈𝑈𝑒𝑒 is the exhaust velocity. For clustered nozzles, 

𝐷𝐷eff is typically calculated as 𝐷𝐷eff = 𝐷𝐷𝑒𝑒√𝑁𝑁, where 𝐷𝐷𝑒𝑒  is the single-nozzle exit diameter and 𝑁𝑁 is 

the number of engines (Eldred, 1971). 

SP-8072 (Eldred, 1971) aggregated a wide range of rocket data sources from 1950’s and 

60’s literature to produce the normalized sound power spectrum 𝐿𝐿�𝑤𝑤(Sr), shown as the dashed 

blue curve in Fig. 6.2. This included data from various scales and types of rocket engines, as well 

as some data from jet engines. Also shown in Fig. 6.2 as the orange dashed-dot line is the power 

spectrum computed from Atlas V launch measurements taken within 1 km of the launch pad. 

Notably, the spectral peak occurs at a lower frequency—near a Strouhal number of 0.1—

approximately an octave below the peak of the SP-8072 curve (Kellison et al., 2024). This 

octave difference in spectral predictions is significant and can substantially impact noise metrics, 

especially those involving frequency weighting. The shaded orange region represents the 

observed variability in the Atlas V spectra that were averaged to produce the orange curve. Using 

this average spectrum as a reference, an empirical spectral shape was developed by fitting a 

function to the measured average, as given in Eq. (6.4) and shown as the solid black line in Fig. 

6.2. This fitted curve is used as the 𝐿𝐿�𝑤𝑤(Sr) model for SATURN. 
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Figure 6.2. Normalized relative sound power spectrum model derived from Atlas V 
launches compared with SP-8072 model. 

 

 𝐿𝐿�𝑤𝑤(Sr)

= �
8.686 ln(Sr) + 58.6 if Sr < 3.6 ∙ 10−3

0.26 ln(Sr)3 − 15.98 ln(Sr) − 33.88 if 3.6 ∙ 10−3 ≤ Sr ≤ 4.8 ∙ 10−2

−8.686 ln(Sr) − 19 if Sr > 4.8 ∙ 10−2
. 

 

(6.4) 

This model assumes slopes of 20 dB per decade on either side of the spectral peak—

matching the slope of the SP-8072 curve, but with a narrower and lower-frequency peak. The 

absolute sound power spectrum 𝐿𝐿𝑤𝑤(Sr) is then obtained by de-normalizing the Strouhal-scaled 

normalized spectrum and accounting for the overall sound power level as follows: 

 

𝐿𝐿𝑤𝑤(Sr) = 𝐿𝐿�𝑤𝑤(Sr) − 10 log10 �𝑊𝑊OA
𝐷𝐷eff
𝑈𝑈𝑒𝑒

�

= 𝐿𝐿�𝑤𝑤(Sr) − 10 log10 �
𝜂𝜂

2𝑊𝑊ref
𝐹𝐹𝐷𝐷eff� . 

(6.5) 



 78 

6.3.3 Sound Pressure Levels 

With the source sound power spectrum determined, sound pressure levels at receiver 

locations can be estimated. This is done as a four-step process: first, the noise source locations in 

the plume are estimated. Second, directivity indices are used to establish the directivity of the 

rocket noise source. Third, a propagation routine is employed, and fourth, ground effects from 

receiver geometry are taken into account. 

6.3.3.1 Source Locations 

While the model assumes a compact source at each frequency, the axial source position is 

allowed to vary with Strouhal number. This is depicted in Fig. 6.3. In the extreme near field, this 

compact-source assumption is expected to break down. Gee et al. (2016) showed that at lower, 

dominant frequencies, the rocket plume peak source region can extend roughly 𝑙𝑙𝑠𝑠 ≈ 10 −

20 𝐷𝐷eff. At distances of  𝑟𝑟 ≈ 100 − 200 𝐷𝐷eff or more, however, the source appears relatively 

compact as 𝑟𝑟 ≫ 𝑙𝑙𝑠𝑠. 

 

Figure 6.3. Schematic of a rocket plume showing the definition of the angle 𝜃𝜃 for a given 
frequency-dependent source location s(Sr). 

In the acoustic far field, variations in apparent source location have minimal effect on 

predicted noise due to small differences in propagation angle. However, in the near field, source 

location significantly affects computed sound levels. As an observer approaches the launch pad, 
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the plume angle 𝜃𝜃 depends increasingly on the axial origin of the source. This demonstrates the 

importance of using frequency-dependent source positions for near-field predictions. Further 

quantification of the expected error associated with different fixed source origin assumptions and 

the frequency-dependent source location of a rocket is given in Appendix B.3. 

Since the acoustic source location varies based on frequency, different source locations must 

be assumed for different frequencies to produce accurate broadband results, as errors in source 

location will affect the computed directivity angles. Figure 6.4 shows several empirical and 

modeled axial source location curves as a function of Strouhal number. Two historical curves 

from SP-8072 are included, based on measurements of single-nozzle, undeflected rocket plumes. 

Also shown are more recent measurements from vector intensity methods by James et al. (2012) 

of a Space Shuttle solid rocket booster and Gee et al. (2016) of a GEM-60 solid rocket motor. 

Because the James et al. (2012) data may reflect plume-ground impingement effects due to a 

horizontally-fired rocket engine near the ground, the Gee et al. (2016) curve is selected as the 

empirical basis for SATURN—note that this curve is was determined by finding the mean source 

location as a function of frequency from the Gee et al. (2016) data. The James et al. (2012) 

curve, though not used in SATURN, is retained here as it has been proposed as an updated input 

for SP-8072. 
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Figure 6.4. Apparent axial source locations from different rocket measurements and 
models as a function of Strouhal number.  

A power-law fit to the Gee et al. (2016) data yields the following relation for the axial 

source location: 

 𝑠𝑠(Sr) = 9.85 Sr−0.21𝐷𝐷eff, (6.6) 

where 𝑠𝑠 is the apparent axial source location in meters as measured from the exit plane of the 

rocket. 

6.3.3.2 Directivity Indices 

While the sound power spectrum characterizes the rocket’s total acoustic energy output, 

predicting noise at a specific location requires accounting for directivity. Rocket noise exhibits 

strong directional dependence, especially at higher frequencies. This directivity primarily stems 

from the convective nature of turbulent jet sources and varies with frequency. Directivity indices 
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are used to model this directionality—the definition of directivity index here is given as the 

decibel quantity of the ratio of the acoustic intensity at a given frequency and angle to the 

intensity produced by an omnidirectional source of the same equivalent acoustic power and is the 

same used by Beranek and Mellow (2012). A positive directivity index value indicates more 

acoustic intensity in a particular direction than an equivalent-power omnidirectional source, 

while a negative directivity index indicates less.  

SP-8072 provides directivity indices at only five frequencies. While interpolation and 

extrapolation could be used to produce broadband results, this would involve considerable room 

for error given that there are only five frequency data points. Additionally, the source origin 

assumptions made in the computation of these directivity indices is not documented in SP-8072, 

hence error could have been introduced in their computation if the data were collected in the near 

field and inappropriate source origin assumptions were made. To provide modern, broadband 

directivity indices SATURN incorporates directivity data derived from the Atlas V 

measurements within 1 km of the pad. These were computed assuming a source origin of 18 𝐷𝐷eff. 

The closest measurements used to produce these directivity indices were located at a radial 

distance of 240 m = 119 𝐷𝐷eff from the launch pad, hence the results are expected to be accurate 

to within ±5° at Strouhal numbers greater than 0.004. These are shown in Fig. 6.5(a) as a 

frequency-angle pseudocolor map. Directivity indices are denoted as 𝑄𝑄(𝜃𝜃, Sr), being dependent 

both on angle 𝜃𝜃 and frequency Sr. Note that this formulation for 𝑄𝑄 assumes azimuthal 

symmetry—that is, it treats noise as uniform in all directions around the plume axis (the 

azimuthal angle, measured in the horizontal plane, represents rotation about this axis). This 

simplification is made because the current approach models clustered nozzles as a single, 

equivalent plume. Future model developments will incorporate multi-core configurations to 
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capture azimuthal asymmetry in the noise distribution. The lowest frequencies shown in Fig. 6.5 

have very shallow directivity, while the directivity angle trends toward a relatively consistent 

~72° peak at Sr > 0.03.  

 

Figure 6.5. Frequency-dependent directivity indices derived from the Atlas V data inside 
of 1 km radially from the launch site. 

Comparatively, Fig. 6.5(b) compares the directivity indices at the five discrete frequencies in 

SP-8072 to those derived from Atlas V launch measurements. Notably, the directivity angles of 

SP-8072 trend more aft than the Atlas V, by approximately 15 to 20 degrees—a significant 

difference. This could potentially be due to poor source origin assumptions in the SP-8072 
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directivity indices, which has been suggested by Lubert et al. (2022). Incorrect directivity indices 

can produce significant differences in predicted levels: for example, if the directivity angles are 

too far aft (as is the case for the SP-8072 directivity indices as shown in Fig. 6.5(b)), the peak 

noise will be predicted to occur later in the launch than it would actually occur. 

6.3.3.3 Propagation 

Rocket noise is significantly affected by atmospheric propagation, especially in the far field. 

Two primary propagation effects are presently considered in SATURN: geometric spreading and 

spectral attenuation of high frequencies due to thermoviscous, relaxation, and nonlinear losses. 

6.3.3.3.1 Geometric Spreading 

Following SP-8072, SATURN applies spherical spreading by default: 

 𝑆𝑆(𝑟𝑟) = 10 log10(4𝜋𝜋𝑟𝑟2). (6.7) 

Spherical spreading is appropriate for most launch scenarios and has been observed in multiple 

studies to match measured decay rates for rockets at distances beyond ~10 km (Mathews and 

Gee, 2025; Gee et al., 2025b). SATURN allows for alternate spreading models by allowing the 

user to specify the geometric decay rate, but altering the model to other than spherical spreading 

necessitates recalibration of the model inputs to maintain consistency as the inputs were 

determined assuming spherical decay. 

6.3.3.3.2 Propagative Losses 

Propagative effects such as absorption, nonlinear distortion, and curved-ray paths can all 

alter received rocket noise. These effects grow with distance are dependent both on frequency 

and launch-time atmospheric conditions. Gee et al. (2025b) documented substantial variability in 

Starship noise metrics under differing weather conditions, especially beyond 20 km. Similar 



 84 

trends appear across other launch systems (Kellison et al., 2023). It is therefore crucial that 

propagation effects are modeled accurately when generating predictions and that specific 

propagation effects are not embedded in the source model when derived from measurements. 

One might consider averaging measurements taken at various distances to produce a “mean” 

source model. However, this approach can be problematic because it combines data with vastly 

different propagation effects—some with minimal attenuation (close range) and others with 

significant attenuation (farther away). As a result, the averaged model may be biased if the 

sampling distances are not representative of the intended application range and can lead to 

inaccurate noise predictions at distances that differ from the average measurement location. 

A more physically grounded approach—used in SATURN—is to derive source parameters 

from near-field data (typically <1 km), where propagation effects are minimal, and apply an 

explicit propagation model separately. This provides the best chance at preserving the underlying 

source physics and allows for incorporation of actual atmospheric conditions when needed. 

Future work could combine SATURN with numerical nonlinear propagation algorithms to 

enhance long-range prediction accuracy (Gee et al., 2008; Gee et al., 2012; Reichman et al., 

2016). In the absence of this complexity, SATURN employs an empirical attenuation model 

derived from the measured decay of sound pressure level spectra at multiple distances. This 

attempts to model propagation as a function of distance explicitly, rather than just averaging 

across all distances. Figure 6.6 shows (a) the decay of maximum sound pressure level with 

distance for the Atlas V, as determined from the measurements. Frequencies below 10 Hz (Sr = 

0.0064) are excluded due to low-frequency microphone uncertainty in some of the of the 

measurement channels. As distance increases, high-frequency energy decays—primarily due to 

atmospheric absorption. However, losses are less severe than predicted by linear theory, likely 
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due to the compensating effects of harmonic generation via nonlinear propagation. For example, 

at 1 kHz, the maximum sound pressure level spectra reveal losses of ~15 dB across 7 km in the 

maximum sound pressure level spectra. Across this distance, linear absorption theory would 

predict attenuation of 26 dB, about 11 dB more than observed. Furthermore, at 10 kHz, the 

recorded attenuation was on the order of 30-40 dB, whereas linear theory predicts attenuation in 

excess of 1200 dB, a clear gross overestimate of the actual attenuation. This illustrates the 

inability to use traditional linear absorption models for rocket noise propagation, unless the 

effects of nonlinear propagation can also be modeled appropriately. The interplay between these 

two effects for broadband signals should be a subject of further research (Reichman et al., 2016; 

Miller and Gee, 2018; Gee et al., 2018).  

 

Figure 6.6. Apparent decay as a function of distance from the Atlas V JPSS-2 
measurement for the spectra during the period of maximum directivity, defined as the 
region 3 dB down from the maximum recorded level. 



 86 

Because long-range rocket noise propagation involves multiple complex mechanisms—such 

as atmospheric absorption and nonlinear propagation—a simpler, empirical approach was 

adopted in SATURN to represent propagative losses. This improves on SP-8072, which does not 

explicitly account for these losses. 

Propagation losses vary significantly over the course of a launch because the source moves 

rapidly relative to the observer, continuously changing the effective propagation distance. To 

capture these effects, SATURN applies the propagation model directly to the sound pressure 

level spectra rather than to overall levels alone. This spectral approach allows the model to 

represent the frequency-dependent nature of atmospheric absorption and other loss mechanisms, 

which is essential for accurate far-field predictions. 

To empirically represent the observed spectral decay, a frequency-dependent loss function 

was derived from measured maximum sound pressure level spectra at different distances from 

the Atlas V launch. This function uses a traditional Butterworth filter shape to reproduce the 

decay characteristics observed in the data, and is expressed mathematically as: 

 𝐵𝐵(𝑓𝑓, 𝑟𝑟) = 10 log10 �
1

�1 + 𝑓𝑓
𝑓𝑓𝑐𝑐
�
𝑛𝑛� ,   𝑛𝑛 = �

𝑟𝑟
𝑟𝑟𝑐𝑐

 (6.8) 

where 𝑓𝑓𝑐𝑐 is the critical Strouhal number, which controls the rolloff point of the filter, 𝑛𝑛 is the 

filter order, and 𝑟𝑟𝑐𝑐 is a critical distance to adjust the rolloff of the filter with distance. For Atlas V 

data, the attenuation behavior is approximated by using two filters: one to model the broad 

spectral rolloff starting at 10 Hz, and another to model the accelerated rolloff at higher 

frequencies and is formulated as 

 𝐴𝐴(𝑓𝑓, 𝑟𝑟) = 𝐵𝐵1(𝑓𝑓, 𝑟𝑟) + 𝐵𝐵2(𝑓𝑓, 𝑟𝑟). (6.9) 
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This double-filter model uses the parameters of 𝑓𝑓𝑐𝑐1  = 8, 𝑟𝑟𝑐𝑐1 = 12 000, 𝑓𝑓𝑐𝑐2  = 8 000, and 

𝑟𝑟𝑐𝑐2 = 3 000. To evaluate this model, Fig. 6.7(a) shows the apparent sound pressure level spectral 

decay across distance relative to the acoustic source. While some of the lower frequencies 

contain some anomalous details, an overall trend can be seen in the data where the sound 

pressure level spectra are increasingly attenuated with distance. Figure 6.7(b) shows the 

application of Eq. (6.9) to the same frequencies and distances. Though the modeled trend is 

much smoother, similar behavior can be seen with the modeled attenuation, especially when 

comparing the -6, -12, and -18 dB contour lines, albeit slightly more aggressive. Further work 

could improve this model by fitting it across several launches and rocket types. 
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Figure 6.7. (a) Apparent sound pressure level spectral decay from measurements of the 
Atlas V JPSS-2 mission relative to the closest measurement station as a function of 
distance to the source and dimensional frequency. (b) Modeled sound pressure level 
spectral decay using the double-filter model based on Eq. (6.9). 

6.3.3.4 Sound Pressure Levels 

With directivity and propagation effects modeled, the predicted sound pressure level 

spectrum at a receiver location becomes: 

 𝐿𝐿(𝑟𝑟,𝜃𝜃, Sr) = 𝐿𝐿𝑤𝑤(Sr) + 𝐴𝐴(𝑟𝑟,𝑓𝑓) + 𝑆𝑆(𝑟𝑟) + 𝑄𝑄(𝜃𝜃, Sr) (6.10) 

where 𝐿𝐿(𝑟𝑟,𝜃𝜃, Sr) represents the sound pressure level spectrum at a receiver location at a given 

distance from the source 𝑟𝑟, plume angle 𝜃𝜃, and frequency Sr (or corresponding dimensional 

frequency 𝑓𝑓 for the propagation loss model).  

6.3.4 Metrics 

 SATURN produces time-resolved spectral outputs, effectively providing high-resolution 

spectrograms. From these, users can compute any desired noise metrics (e.g., SPL, SEL, LEQ, 

etc.) using standard procedures. The calculation of specific metrics is left to the end user. This 

approach preserves flexibility and allows researchers to tailor metrics to application-specific 

needs. 
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6.4 Validation 

6.4.1 Validation Datasets 

To evaluate the model’s generalizability, a validation is conducted using data from two 

different launch vehicles: Firefly Alpha and SpaceX Starship. Relevant vehicle information is 

summarized in Table 6.1, with the inclusion of the Atlas V 401 rocket used in constructing the 

model parameters for SATURN for comparison. These two rocket are representative of the 

extremes of orbital rockets in terms of scale: Alpha is among the smaller orbital rockets in 

operation, while Starship is the largest and highest-thrust vehicle ever to launch; their thrust 

classes span two orders of magnitude. These extremes of scale provide an opportunity to validate 

the model outside of the medium-lift scale Atlas V that SATURN was developed with. 

Additionally, they represent different engine configurations than the Atlas V used to develop this 

model: Alpha has a cluster of four engines, while Starship has a cluster of 33 engines. While 

Alpha uses the same fuel type as Atlas V, Starship uses a different fuel source entirely. These 

validation data were obtained through measurements of the Firefly Alpha Flight 5 “Noise of 

Summer” launch and the SpaceX Starship’s sixth test flight (Gee et al., 2025b). 

Table 6.1. Relevant information for the validation and model-construction rockets. 

Vehicle Class Configuration Total Thrust 
(MN) 

𝑼𝑼𝒆𝒆  
(approx.., m/s) 

𝑫𝑫𝒆𝒆/𝑫𝑫𝐞𝐞𝐞𝐞𝐞𝐞  
(approx., m) 

Firefly 
Alpha 

small 1 core (4 
engines) 

0.73 2900 0.38/0.76 

ULA Atlas 
V 401 

medium 1 core (2 
nozzles) 

3.83 3160 1.43/2.02 

SpaceX 
Starship 

super-
heavy 

1 core (33 
engines) 

73.5 3340 1.31/7.53 
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6.4.2 Alpha Validation 

For Alpha Flight 5, measurements were made at distances between 140 m and 7.3 km from 

the launch site. Sound levels were predicted using both the SP-8072 and SATURN models, 

based on vehicle parameters from Table 6.1, the flight trajectory, and an assumed acoustic 

efficiency of 0.34%. Figure 6.8 compares the predicted maximum sound levels during launch 

with measured data across all measurement sites. Panel (a) shows the unweighted maximum 

levels (𝐿𝐿𝑍𝑍,max), while panel (b) presents the prediction errors relative to measurements (Δ𝐿𝐿𝑍𝑍,max). 

Panels (c) and (d) follow the same pattern, except for they represent the A-weighted maximum 

levels (𝐿𝐿𝐴𝐴,max) and prediction errors (𝐿𝐿𝐴𝐴,max). A-weighted metrics are included here as they are 

often used in environmental and community noise contexts; additionally they also help quantify 

the high-frequency accuracy of the models. The shaded region indicates ±2 dB around the 

measurements, and log-linear trend fits are included. Accuracy statistics accompany these plots. 
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Figure 6.8. Maximum sound pressure levels from Alpha Flight 5 across various distances 
from measurements compared with predictions from SP-8072 and SATURN for (a) 
unweighted levels and (c) A-weighted levels. Deviations between measured and modeled 
levels for (b) unweighted and (d) A-weighted levels; ±2 dB shaded region and logarithmic 
fits of deviations shown. 

Except for the closest site at 140 m, SATURN predicts the absolute unweighted maximum 

levels (𝐿𝐿𝑧𝑧,max) within ±2 dB accuracy for all other sites with a root-mean-square error of 1.1 dB. 

SP-8072, however, exceeds this accuracy tolerance for half the sites, with an RMSE of 2.2 dB. 

Trend-wise, SATURN appears to follow the decay rate for 𝐿𝐿𝑧𝑧,max within ±2 dB throughout the 

measurements, however, SP-8072 appears to slowly diverge with a different slope, as indicated 

by the linear fits of the Δ𝐿𝐿𝑧𝑧,max values. This indicates that the modeled spectral decay in the 

SATURN model replicates the actual decay behavior for this measurement well. 
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In terms of maximum A-weighted sound levels (𝐿𝐿𝐴𝐴,max), there is slightly more deviation in 

the models, as seen in Fig. 6.8(d) than in the unweighted levels. However, for all but three sites, 

SATURN’s A-weighted maximum level deviation, (Δ𝐿𝐿𝐴𝐴,max) is within ±2 dB, whereas every SP-

8072 prediction falls outside of that range. In terms of error, the RMSE in Δ𝐿𝐿𝐴𝐴,max for SATURN 

is 2.0 dB compared to 8.8 dB for SP-8072—corresponding to a factor of 2.2 reduction in the 

underlying acoustic pressure error. 

Moving on to a closer examination of three characteristic measurement sites, Fig.  6.9 shows 

the time-resolved unweighted sound levels and maximum spectra at three representative sites: 

300 m (393 𝐷𝐷eff), 1.0 km (1313 𝐷𝐷eff) and 7.3 km (9609 𝐷𝐷eff)—representing representing close-, 

mid-, and long-range distances respectively. In terms of the time-resolved unweighted levels 

[Figs.  6.9(a,c,e)], SATURN’s time-resolved unweighted overall levels (𝐿𝐿𝑍𝑍,OA) closely match the 

region of peak directivity. However, the peak is broader in time with the SATURN predictions, 

and late-launch levels (>60 s) are overpredicted by up to 5 dB in Figs.  6.9(a,c). Even so, the 

SATURN predictions mirror the measurements much better than the SP-8072 predictions. SP-

8072 predicts a peak directivity region delayed in time relative to measurements and overpredicts 

late-stage launch levels by 10+ dB, indicating inaccuracies in its directivity indices and its lack 

of propagation loss modeling. 



 93 

 

Figure 6.9. Site-specific validation showing unweighted levels as a function of observer 
time (left column), as well maximum spectra (right column) for Alpha Flight 5 from 
measurements compared with predictions from SP-8072 and SATURN across three 
representative distances. 

 Regarding the maximum spectral predictions in Figs.  6.9(b,d,f), all the SATURN 

predictions match the peak frequency well, with perhaps a slight overprediction at the closest 

site. However, SP-8072 predicts a higher peak frequency than measured, which increasingly 

diverges from the measurements as distance increases, reaching an error of one octave at 7.3 km. 

Additionally, SATURN predicts the spectral shape well in all three cases, with the largest errors 

at 7.3 km, where it appears as though more absorption occurred in the measured data compared 
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to what was modeled by SATURN. This can be observed in Fig.  6.9(e), where SATURN 

overpredicts the spectral levels at 1 kHz by ~15 dB, whereas SP-8072 overpredicts by nearly 40 

dB. This suggests that the predictions could benefit from additional propagation modeling. 

6.4.3 Starship Validation 

For Starship Flight 6, measurements were taken at distances from 1 km to 35.5 km from the 

launch site. Sound levels were predicted using both the SP-8072 and SATURN models, based on 

vehicle parameters from Table 6.1, the flight trajectory, and an assumed acoustic efficiency of 

0.4%. Figure 6.10 compares the predicted maximum sound levels during launch with measured 

data from Gee et al. (2025b). Panel (a) shows the absolute unweighted maximum levels (𝐿𝐿𝑧𝑧,max), 

while panel (b) presents the prediction errors relative to measurements (Δ𝐿𝐿𝑧𝑧,max). The shaded 

region indicates ±2 dB around the measurements. Exponential trend fits are also shown and were 

chosen in this case as the measured levels decay roughly exponentially. Accuracy statistics 

accompany these plots. 
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Figure 6.10. Maximum sound pressure levels from Starship Flight 6 across various 
distances from measurements reported by Gee et al. (2025b) compared with predictions 
from SP-8072 and SATURN for (a) unweighted levels and (c) A-weighted levels. 
Deviations between measured and modeled levels for (b) unweighted and (d) A-weighted 
levels; ±2 dB shaded region and logarithmic fits of deviations shown. 

SATURN performs well, maintaining errors within ±2 dB up to 20 km (~2660 𝐷𝐷eff). Beyond 

this range, deviations increase, reaching a maximum of 13 dB at 35.5 km. Gee et al. (2025b) 

attributed the observed rapid decay in measured levels between 10 and 20 km to atmospheric 

conditions during launch, which are not currently modeled in SATURN. Incorporating these 

effects could improve SATURN’s accuracy at greater distances. Limiting the analysis to within 

20 km, SATURN’s root-mean-square error (RMSE) for Δ𝐿𝐿𝑧𝑧,max is 0.9 dB, compared to 2.7 dB 

for SP-8072—a significant improvement. 
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In contrast, SP-8072 predictions exceed ±2 dB error already at 5 km (~660 𝐷𝐷eff ), four times 

closer than SATURN, with a maximum deviation of 18 dB at 35.5 km (Fig. 6.10b). Additionally, 

SP-8072 does not capture the measured decay rate of 𝐿𝐿𝑧𝑧,max well, whereas SATURN aligns more 

closely with observations. 

Regarding maximum A-weighted sound levels (𝐿𝐿𝐴𝐴,max), Figs. 6.10(c–d) reveal even larger 

differences between the models. Measured 𝐿𝐿𝐴𝐴,max values show greater variability, likely because 

A-weighting emphasizes higher frequencies (≥1 kHz) and attenuates lower frequencies near the 

rocket’s infrasonic peak. These higher frequencies are more susceptible to variability from long-

range propagation and local atmospheric turbulence. Examining prediction errors Δ𝐿𝐿𝐴𝐴,max in Fig. 

6.10(d), SP-8072 never achieves better than ±6.5 dB accuracy at any site, while SATURN is 

within ±2 dB at five locations. SATURN’s RMSE for Δ𝐿𝐿𝐴𝐴,max is 2 times lower than SP-8072’s 

across all measurement sites in terms of acoustic pressure; inside 20 km, the RMSE is 5.7 dB for 

SATURN versus 11.8 dB for SP-8072. This confirms SATURN’s improved performance in 

predicting both 𝐿𝐿𝑧𝑧,max and 𝐿𝐿𝐴𝐴,max for Starship Flight 6. 

Figure 6.11 provides a detailed comparison of time-resolved unweighted sound levels and 

maximum spectra at three representative sites: 1 km (133 𝐷𝐷eff), 2.9 km (388 𝐷𝐷eff) and 10.2 km 

(1353 𝐷𝐷eff)—representing close-, mid-, and long-range distances respectively. At the nearest and 

mid-distance sites [Figs. 6.11(a,c)], SATURN’s time-resolved unweighted overall levels (𝐿𝐿𝑍𝑍,OA) 

closely match measurements, except during the first ~8 seconds. This discrepancy likely arises 

from a deflected plume and ground-level sound propagation effects not yet modeled in 

SATURN. Beyond this initial period, predicted levels track measurements within 2–3 dB. In 

contrast, SP-8072 predictions show peak directivity delayed relative to measurements and 

overpredict late-stage launch levels by 5–10 dB, indicating inaccuracies in its directivity indices. 
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Figure 6.11. Site-specific validation showing unweighted levels as a function of observer 
time (left column), as well maximum spectra (right column) for Starship Flight 6 from 
measurements compared with predictions from SP-8072 and SATURN across three 
representative distances. 

At 10.2 km [Fig. 6.11(e)], SATURN’s predictions diverge more from measurements. The 

initial 10–15 seconds are overpredicted, likely for the same reasons as above. Near peak 

directivity (45–55 s), predictions agree within 0–2 dB, but afterward, measured levels decay 

more rapidly than predicted. This discrepancy may stem from atmospheric effects such as 

temperature and wind-induced sound refraction, which are currently absent in the model. Since 
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predictions are accurate at closer distances, the modeled source characteristics seem appropriate 

for Starship. Future ray-tracing analyses could clarify these propagation effects. 

Examining maximum spectra [Figs. 6.11(d,f)], all sites exhibit similar trends: SATURN 

matches the general spectral shape but slightly underpredicts high frequencies by 2–3 dB, 

reflecting a somewhat narrower predicted peak. SP-8072 overpredicts both the spectral peak 

frequency and high-frequency content, with this effect increasing with distance. At 10.2 km, SP-

8072’s peak frequency is about one octave too high, and levels at 100 Hz are overpredicted by 

~12 dB. Conversely, SATURN accurately predicts peak frequency and only underestimates 100 

Hz levels by ~3 dB. 

6.5 Conclusion 

This work introduces SATURN, an empirical model for predicting rocket launch noise, 

alongside its preliminary validation. SATURN advances beyond legacy models like SP-8072 by 

incorporating high-fidelity data from recent measurements, explicitly accounting for propagation 

losses through empirical modeling, and being implemented as a modular software package 

designed for research applications and future development. 

SATURN was developed using measured acoustic data from an Atlas V 401 rocket launch. 

These data were used to determine model inputs for the normalized sound power spectrum and 

directivity indices. Additionally, the launch data were used to formulate an empirical propagation 

loss model—a deficiency in the original SP-8072 methodology when it was applied to far-field 

noise prediction. 

Validation for the SATURN model compared predictions against launch noise 

measurements from Firefly Alpha Flight 5 and SpaceX Starship Flight 6. These validation 
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datasets represent a broad range of vehicle scales and are significantly different in scale than the 

Atlas V used to derive the SATURN model inputs. For Alpha, SATURN consistently predicts 

unweighted maximum sound levels within ±2 dB accuracy at all but the closest measurement 

site, achieving a root-mean-square error (RMSE) of 1.1 dB. This performance notably surpasses 

that of the SP-8072 model, which exhibits larger deviations and a divergent decay trend. 

Moreover, SATURN’s A-weighted level predictions, important for community noise 

assessments, show a fourfold reduction in error compared to SP-8072, further emphasizing its 

enhanced high-frequency fidelity. 

For the much larger Starship vehicle, SATURN maintains high accuracy in predicting 

unweighted sound levels up to 20 km from the launch, with an RMSE of 0.9 dB and errors 

mostly within ±2 dB. Beyond this range, deviations increase due to atmospheric effects not yet 

modeled, pointing to opportunities for future refinement. In contrast, SP-8072’s accuracy 

degrades much closer to the launch site and systematically misrepresents the spectral content, 

particularly at higher frequencies, overestimating the noise spectral peak frequency by an octave. 

SATURN also better captures the temporal evolution and spectral shape of the noise across sites 

at close-, mid-, and long-range. These results deomstrate SATURN’s capabilities, and also 

highlight the opportunity to combine the SATURN methodology with more complex 

propagation models such as ray-tracing to improve its accuracy and incorporate launch-specific 

meterological effects. 
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Chapter 7 

Conclusions 

This dissertation has advanced the understanding, characterization, and modeling of the 

noise generated by supersonic, afterburning aircraft jet engines and launched rockets. Through a 

combination of experimental measurements, empirical modeling, and analysis of full-scale 

systems, several key contributions have been made across six chapters. This chapter synthesizes 

the primary conclusions and outlines opportunities for future work. 

7.1 Primary Contributions 

7.1.1 Full-Scale Jet Noise Source Decomposition (Chapter 2) 

Coherence-based source decomposition techniques were developed and applied to an 

installed, afterburning GE F404 engine using acoustical holography. These analyses revealed 

distinct local maxima (LMs) in the apparent source field along the nozzle lipline, separated by 

both space and frequency. The results suggest that different physical mechanisms—such as 

subsonic large-scale turbulence and Mach wave radiation (MWR)—may contribute to the multi-

lobed radiation patterns observed in full-scale, heated supersonic jets. The use of phase-

unwrapping techniques extended the usable frequency range in acoustic holography and 
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highlighted the value of coherence-based decompositions for understanding distributed jet noise 

sources. 

7.1.2 Broadband Shock-Associated Noise Characterization (Chapter 

3) 

Acoustical holography-based reconstructions revealed spatially distinct broadband shock-

associated noise (BSN) sources aligned with visible shock cell structures from an overexpanded, 

afterburning installed GE F404 jet engine. Peak frequency trends showed good agreement with 

other full-scale engines but diverged from lab-scale and simulated results. While the lab-scale 

jets available for comparison were unheated and hence disagreement is not entirely unexpected, 

the full-scale data suggest BSN radiation ~10 degrees further forward of a numerical simulation 

of an afterburning-like large-eddy simulation from a F404-type nozzle. This suggests that the 

simulated jet’s physics differ slightly from the full-scale, physical jet and reinforces the need to 

further understand and refine computational models for jet noise. Analytical models failed to 

accurately predict shock spacing and BSN frequency without empirical correction, indicating 

that traditional convergent-nozzle-based models need to be adapted for use with convergent-

divergent nozzles. Coherence analysis further revealed spatially distributed, partially correlated 

source structures, reinforcing the view of BSN as a non-local, interconnected phenomenon. 

7.1.3 Rocket Launch Acoustics and Source Modeling (Chapter 4) 

Launch acoustics from an Atlas V rocket were analyzed from near- to far-field distances. A 

strong azimuthal asymmetry in ignition overpressure was observed and attributed to the 
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orientation of the flame trench. A directional source model, incorporating ground reflections and 

minimal empirical tuning, successfully predicted sound pressure levels across a wide range of 

receiver locations. Peak frequency differences of maximum spectra observed at different 

azimuths relative to the nozzle configuration of the rocket highlight the importance of source 

geometry and visibility in clustered rocket nozzles. 

7.1.4 Predictive Models for Supersonic Jet and Rocket Noise 

(Chapter 5) 

An empirical model for predicting maximum overall sound pressure and power levels from 

supersonic jet and rocket sources was proposed. The model accounts for near-ground effects and 

was validated across multiple vehicles and engine conditions, typically predicting levels within 2 

dB of measured values. Sensitivity studies showed that assumptions about thrust and nozzle 

parameters can significantly affect predictions, but that for most supersonic jets and rockets that 

are not operating significantly off-condition, the sensitivity to parameters is small. This model is 

shown to work for both supersonic jet engines and for launched rockets, spanning large scales in 

thrust and propulsion type. Apparent acoustic efficiency differences between launches of similar 

vehicles suggest a need for more study into the source properties of different rocket 

configurations. 

7.1.5 The SATURN Rocket Noise Prediction Model (Chapter 6) 

The scientific acoustic tool for understanding rocket noise (SATURN), a new physics-based, 

full-spectral, semi-empirical model for rocket launch noise fundamentally based on NASA SP-
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8072, was developed and validated. The model uses high-fidelity, near-field acoustic 

measurements and incorporates trajectory and frequency-resolved source features. Despite 

simplifications, SATURN accurately reproduced measured sound levels from a Falcon 9 launch, 

showing its robustness and flexibility across different vehicle types. Its emphasis on source 

fidelity and flexibility makes it a promising foundation for future tools in rocket noise research. 

7.2 Recommendations for Future Work 

This dissertation has made progress in characterizing military jet and rocket noise and has 

taken initial steps toward unifying their treatment under a common framework. However, 

substantial work remains in advancing physical understanding and further bridging the gap 

between these regimes. 

For jet noise, this work has advanced the understanding of unique characteristics in full-

scale, installed engines—particularly the spatiospectral lobing behavior. With the emergence of 

new facilities capable of reproducing afterburning-like jets at lab scale (e.g., Kumar et al., 2025), 

opportunities exist to assess whether these jets exhibit similar source mechanisms and radiation 

patterns as their full-scale counterparts. Combined with advances in numerical simulations, these 

experiments could help unravel the underlying physics of afterburning jet noise. 

In the context of BSN, this dissertation highlights the need for improved models of shock 

spacing in convergent-divergent nozzles. Direct comparisons between lab-scale and simulated 

afterburning jets may provide insights into full-scale behavior and the role of flow structure in 

BSN generation.  

A key limitation of current full-scale acoustic characterizations is the lack of synchronized 

flow diagnostics. While purely acoustic methods reveal detailed source structure, they cannot 
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directly connect radiation to specific flow features. Future work should incorporate techniques 

such as flow measurements or schlieren imaging alongside synchronized acoustic measurements 

to establish direct links between flow phenomena and radiated noise. Accomplishing these 

measurements at both lab-scale and at full-scale could yield important information that can then 

be used to improve both jet noise theory and models. 

While this dissertation has begun to model jet and rocket noise within a single framework, 

much remains to be understood about their fundamental differences. For instance, BSN appears 

absent in rocket engines, and it is unclear whether multi-lobe radiation—common in afterburning 

jets—also occurs in rockets. Additionally, current scaling approaches such as Strouhal number 

scaling struggle to collapse data across regimes. Temperature, a major unaccounted factor in 

traditional scaling, likely plays a central role and should be included in future formulations. 

With regards to modeling, challenges remain in characterizing multicore rocket sources and 

their radiation behavior. Further study and characterization of asymmetric rockets is needed to 

properly model any potential effects. Propagation modeling is also an area where significant 

progress could be made; the interplay between atmospheric absorption and nonlinear effects 

complicates propagation predictions, yet understanding this interplay is essential for accurate 

long-range noise propagation. The SATURN model offers a promising platform for exploring 

these effects and could be extended to incorporate more explicit, physics-based propagation 

treatments, which could include atmospheric ray-tracing and nonlinear propagation algorithms. 

SATURN could also be improved by further refining the model inputs through a larger 

aggregation of launch acoustic data. Additionally, the SATURN methodology could also be 

readily applied to aircraft jet noise with the development of modeling inputs for this application.  
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Appendix A 

Summary of Other Notable Contributions 

During the course of this dissertation’s work, the author has been involved with several 

other research efforts and publications. Only first-authored publications were inserted as chapters 

in this dissertation document. This appendix summarizes other publications that the author made 

significant contributions to. 

A.1 Saturn V Acoustics 

• Gee, K. L., Mathews, L. T., Anderson, M. C., and Hart, G. W. (2022). “Saturn-V sound 

levels: A letter to the Redditor,” J. Acoust. Soc. Am. 152(2), pp. 1068-1073; 

https://doi.org/10.1121/10.0013216. 

 

This paper reviews the acoustical characteristics of the Saturn V launch vehicle based on 

historical documents and was prepared for a JASA special issue on Education in Acoustics. The 

work was conducted in full collaboration with K. L. Gee, M. C. Anderson, and G. W. Hart, with 

all authors contributing equally to the paper. The author was involved in the historical research, 

data extraction, writing, and figure/multimedia creation for the paper, as well as the creation of 

numerous acoustics homework problems as part of the supplementary material. 

https://doi.org/10.1121/10.0013216
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A.2 Convective Mach Number Study 

• Gee, K. L., Olaveson, T. W., and Mathews, L. T.,  (2025a). “Convective mach number and 

full-scale supersonic jet noise directivity,” AIAA J. 63(4), pp. 1393-1404; 

https://doi.org/10.2514/1.J064208. 

This paper presents a comprehensive review on the convective Mach number used to 

describe the directivity of Mach wave radiation in supersonic jet noise. The work was conducted 

in full collaboration with K. L. Gee and T. W. Olaveson, with all three authors contributing 

equally to the literature review, data extraction and analysis, figure creation, and manuscript 

writing and revision. 

A.3 Afterburning Lab-Scale Jet Rig Measurements 

• Kumar, A., Meadows, J., Olaveson, T. W., Gee, K. L., Mathews, L. T., and Pratt, H. J. 

(2025). “Far-field noise measurements of a supersonic jet operating near afterburning 

conditions,” Aerospace Science and Technology 157, 109842; 

https://doi.org/10.1016/j.ast.2024.109842. 

 

This paper details the first acoustical measurements of a laboratory-scale afterburning jet rig 

hosted at the Virginia Tech Advanced Propulsion and Power Laboratory. The author was heavily 

involved with the preparation, measurement, and data validation for this project. In particular, 

the author designed and oversaw the construction and operation of the intensity scanning 

apparatus and measurement instrumentation associated with this project. More publications from 

this project are forthcoming. 

https://doi.org/10.2514/1.J064208
https://doi.org/10.1016/j.ast.2024.109842
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A.4 Starship-Super Heavy Acoustics 

• Gee, K. L, Pulispher, N. L., Kellison, M. S., Mathews, L. T., Anderson, M. C., and Hart, G. 

W. (2024). “Starship super heavy acoustics: Far-field noise measurements during launch and 

the first-ever booster catch,” JASA Express Lett. 4, 113601; 

https://doi.org/10.1121/10.0034453. 

• Gee, K. L., Pulsipher, N. L., Kellison, M. S., Hart, G. W., Mathews, L. T., and Anderson, M. 

C. (2025b). “Starship Super Heavy acoustics: Comparing launch noise from Flights 5 and 6,” 

JASA Express Lett. 5, 023602; https://doi.org/10.1121/10.0035925. 

 

These two letters present the first published far-field acoustic measurements of the Starship–

Super Heavy launch vehicle. The author contributed to both projects through participation in 

measurement planning, field data collection, and manuscript preparation, including the 

development of several figures. 

  

https://doi.org/10.1121/10.0034453
https://doi.org/10.1121/10.0035925
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Appendix B 

SATURN Appendices 

B.1 SATURN Model Archive 

The SATURN model codes presented in Chapter 6 are available in a GitHub repository at 

https://github.com/logmath/saturn. These codes were developed for MATLAB. 

B.2 Computing 𝜽𝜽 and r 

Two important geometry parameters to compute for rocket noise prediction are the angle 𝜃𝜃 

between the vehicle plume axis and the line from the source to the observer and 𝑟𝑟, the straight-

line distance from the source to the observer. This can be calculated using the following method: 

let the rocket vehicle position (trajectory) at time 𝑡𝑡 be 𝑻𝑻(𝑡𝑡) = (𝒙𝒙′(𝑡𝑡),𝒚𝒚′(𝑡𝑡), 𝒛𝒛′(𝑡𝑡)) and the 

observer position be 𝑷𝑷 = (𝑥𝑥,𝑦𝑦, 𝑧𝑧). From this the unit velocity vector, 𝑽𝑽�(𝑡𝑡), of the rocket can be 

found as 

 𝑽𝑽�(𝑡𝑡) =
𝑽𝑽(𝑡𝑡)
‖𝑽𝑽(𝑡𝑡)‖

=
𝑻̇𝑻(𝑡𝑡)
�𝑻̇𝑻(𝑡𝑡)�

, (B.1) 

where 𝑽𝑽(𝑡𝑡) is the velocity vector of the rocket, which may either be supplied with the trajectory 

or can be estimated by taking the time derivative of the rocket position vector, denoted by 𝑻̇𝑻. As 

the dominant source location changes based on frequency, the effective source location at a 

given frequency and time can be represented by 

https://github.com/logmath/saturn


 110 

 𝑺𝑺(𝑡𝑡, Sr) = 𝑻𝑻(𝑡𝑡) + 𝑠𝑠(Sr)𝑽𝑽�(𝑡𝑡), (B.2) 

where 𝑠𝑠(𝑆𝑆𝑆𝑆) is the frequency-dependent axial source location that can be estimated by Eq. (6.6). 

From this, the vector between the observer location and the frequency-dependent source 

location at a given frequency is given by 

 𝑹𝑹(𝑡𝑡, Sr) = 𝑷𝑷 − 𝑺𝑺(𝑡𝑡, Sr). (B.3) 

The magnitude of this vector, 𝑟𝑟 = ‖𝑹𝑹‖, is the straight-line propagation distance from the source 

to the observer. Finally, the angle 𝜃𝜃(𝑡𝑡, 𝑆𝑆𝑆𝑆) between the vehicle plume axis and the line from 

source to observer can be calculated as 

 𝜃𝜃(𝑡𝑡, 𝑆𝑆𝑆𝑆) = 𝑐𝑐𝑐𝑐𝑐𝑐−1 �
𝑹𝑹(𝑡𝑡, Sr) ∙ 𝑽𝑽(𝑡𝑡)

‖𝑹𝑹(𝑡𝑡, Sr)‖‖𝑽𝑽(𝑡𝑡)‖
�. (B.4) 

B.3 Source Location Angular Errors 

 As discussed in Section IIIC1, rocket noise is generated by a spatially distributed source 

region, with the dominant source location varying systematically with frequency. Accurately 

accounting for this frequency-dependent behavior is important for both source analysis and noise 

prediction. 

To assess the consequences of assuming a fixed source location, the angular error between 

the true source angle and the angle computed under simplified assumptions was analyzed. The 

“true” source location in this analysis is taken as the modeled dominant source position from Eq. 

(6.6), which provides an empirical approximation of where the dominant acoustic energy 

originates at each frequency. Using this model, the actual elevation angle to the dominant source 

was computed for each combination of frequency and observer distance. Two fixed source 
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location assumptions were then tested: (1) that the source is located at the nozzle exit, and (2) 

that the source is located a constant distance of 18 effective diameters below the nozzle. 

Figure A.1 shows the resulting angular error for each assumption, under the condition that 

the modeled dominant source appears at a 30° elevation angle for each observer distance. This 

setup represents a typical scenario near the region of peak launch noise. The analysis assumes 

flat terrain and a vertical launch profile. 

 

Figure A.1. Error in the computed plume angle when the source location is incorrectly 
assumed. The true source location varies with frequency, and the dominant, frequency-
dependent source location is approximated by Eq. (6.6). (a) Error incurred when the 
source is assumed to be located at the nozzle exit. (b) Error incurred when the source is 
assumed to be fixed at 18 effective nozzle diameters downstream of the nozzle exit.  
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In Fig. A.1(a), assuming the source lies at the nozzle exit leads to substantial 

underestimation of the source angle, especially at low frequencies. Since rocket noise maximum 

spectra typically peak near a Strouhal number of ~0.01-0.02, this assumption results in angular 

errors at the peak frequency exceeding 5° except at distances beyond ~200 𝐷𝐷eff. 

In Fig. A.1(b), assuming a fixed source location at 18 𝐷𝐷eff generally reduces the angular 

error. At Sr = 0.01-0.02, the error remains below 5° beyond ~70 𝐷𝐷eff. However, at large 

distances, the error associated with both assumptions diminishes and becomes negligible. 

Overall, this analysis highlights the importance of accounting for frequency-dependent 

source location, particularly in the near field and at low frequencies, which can be generated 

substantially downstream. For observer distances greater than ~1000 𝐷𝐷eff effective nozzle 

diameters, the assumed source location has minimal impact on the estimated source angle. 
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