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Abstract
A focus is made on the tools for the far-field propagation of a near field signal generated by a
supersonic aircraft to the ground. The maturity and verification of these tools are a key element
for the assessment of the noise level and annoyance.
During the far-field propagation, many aspects have to be taken into account: the characteristics
of the atmosphere, the attitude of the aircraft, the near-field signal, the level of turbulence within
the Planetary Boundary Layer and the topography. All these aspects have an impact on the
ground level.
Three methodologies, developed and matured within RUMBLE, will be described and
discussed. Ray-tracing methodology will be assessed and the best practices will be discussed as
well as the potential differences between codes. Propagation using FLHOWARD methodology
will be used to quantify the effect of turbulence on the ground signal. The effect of topography
will be discussed using a Euler in curvilinear coordinates. Finally, a preliminary analysis of sonic
boom reflection in an urban environment will be performed.
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1 Executive Summary
Future sonic boom regulation and certification scheme will heavily rely on simulation. As a result, in
addition to measurements, the sonic boom prediction will have to play a key role in the future supersonic
certification process. Henceforth, prediction capabilities with high level of accuracy are requested
regarding both near-field air flow field and ground far-field pressure signature. This report is dedicated to
the far-field propagation of the low boom signature derived from the NASA C25 concept. As planned in
the RUMBLE project [1], the main physical phenomena of the propagation of the sonic boom are
investigated by the partners:






DASSAV and ONERA performed very deep code-to-code comparisons, the codes being based on
the ray-method, using the IGRA database and also provide a relevant statistical study on the
influence of the aerology.
Ecole Centrale de Lyon (ECL) performed an analysis on how the topography affects the sonic boom
propagation in the vicinity of the ground and an additional study on the sonic boom reflection in
an urban environment.
Sorbonne University performed computations and sensitivity analysis on the effect of Planetary
Boundary Layer turbulence on the sonic boom propagation.
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2 Ray-tracing
2.1 Theoretical background on propagation of the sonic boom
The main specificities of the two codes DABANG and BANGV for predicting the signature are listed below,
more details can be found in [2], [3] and [4]. The codes allow for sonic boom propagation under the
following configurations:
• Any shape of the aircraft is possible; the near-field signature can be modeled by the so-called
Whitham F function or with a cylindrical pressure distribution at a given distance of the aircraft,
derived from the CFD or the wind tunnel measurements.
• Various aircraft trajectories can be handled, such as cruise, maneuver and acceleration.
• A stratified meteorology without turbulence (no temporal fluctuations in the media during the
propagation) is assumed, with profiles of temperature, wind, relative humidity and density. The
interpolation is done using cubic splines.
• A flat and absorbing ground is considered, using the 4 parameters model proposed by Attenborough
[5].
The two codes are based on the same ray theory, stating that the sound propagating along rays can be
determined according to the Fermat principle. This theory is the well-known high frequency
approximation, assuming locally plane wave propagation. The amplitude of the wave form is predicted
along rays, through the cross-section of the ray-tube, using the Blokhintzev principle. The numerical
implementation follows the formulation derived by Candel [6]. It is based on the integration of a system
of 13 Partial Differential Equations: 4 PDEs to determine the rays, 8 PDEs to estimate the ray-tube crosssection, and 1 PDE for the nonlinear age variable.
To account for the non-linearity of the propagation in the atmosphere, due to the significant magnitude
of the peak overpressure in the sonic boom, the codes solve the non-linear Burgers’s equation, governing
the distortion of the signal, associated with an appropriate technique to automatically handle the shock
position. The acoustical absorption due to the thermo-viscous effects and the molecular relaxation of
nitrogen and oxygen molecules is performed using a split-step algorithm.

2.2 Code-to-code comparison
2.2.1 Cruise case run under ISO-standard atmosphere
In Section 2.2, the signal used as the common input is the near-field pressure signal from the NASA C25D
low boom concept (see Figure 2-1). This concept corresponds to the NASA low boom flight demonstrator
defined in the 2nd AIAA Sonic Boom Prediction Workshop. It is the result of the prediction using a Reynoldsaveraged Navier-Stokes (RANS) computation at flight unit Reynolds number of 5.7 million per meter.
Details of the comparison exercise done at Computational Aero-sciences Branch, NASA Langley and Ames
Research Centers can be found in [7].
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Figure 2-1. Nearfield signature on the aircraft, NASA C25 low boom Concept [7].
The nearfield signature used to initialize the ray codes under track (azimuthal angle of zero degree) is
plotted in Figure 2-2 . The propagation starts at the reduced range R/L = 3, where R is the 330 feet and L
is the 110 feet body length.

Figure 2-2. Near field signature under track, R/L = 3, NASA C25 low boom Concept.
The capability to predict the sonic boom primary carpet, as well as the sonic boom signatures over this
carpet, is presented for various atmospheric conditions and a given aircraft trajectory, according to the
test cases defined in [8].
The ISO-Standard atmosphere (ICAO 7488/3, 1993) with a constant 70 % relative humidity is first
considered. Figure 2-3 illustrates the temperature and the density profiles.
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Figure 2-3. ISO-Standard atmosphere: temperature and density profiles.
Figure 2-4 shows a quite good agreement between the two codes of the signature predicted
undertrack, both in terms of magnitudes of the positive and negative overpressure of the shocks as well
as the rise time.

Figure 2-4. Signature on the ground undertrack for ISO-standard atmosphere. Dassault
Aviation and ONERA predictions.

2.2.2 Cruise case run under IGRA data base condition
The atmospheric condition from the Integrated Global Radiosonde Archive (IGRA) available on line is
now considered [9]. Data for the whole month of August 2012 from a subset of 24 locations in the world
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have been assembled by NASA and transformed into a HDF5 Format, to be used by RUMBLE partners.
Figure 2-5 indicates the 24 locations from which data was extracted from IGRA.

Figure 2-5: 24 Locations all over the word from the IGRA data base.
The objective is to compare: the cut-off angles, the positive and negative overpressures on the ground,
and the metrics: ASEL, BSEL, CSEL, and PL values. The comparison is done by looking at histograms of the
absolute difference between the values produced by the two propagation codes. The histogram’s number
of equally distributed bins is set with the hypothesis that the probability distribution function associated
with code to code comparison should be Gaussian-like, therefore the Scott’s normal reference [10] rule
can be used. For pressure and sound metrics we set the standard deviation to be a third of the expected
precision, for cut-off angle comparison this criterion is relaxed because of the scarcity of the results.
Values of the bin-width and expected precision are presented in Table 2.1.

Bin-width
Expected
precision

Cut-off
angle
0.2°
±0.2°

Pressure
0.02 Pa
±0.25 Pa

Sound
metrics
0.04 (dB)
±0.3 (dB)

Table 2.1. Bin-width and expected precision on the predictions by the ray method.
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Figure 2-6 and Figure 2-7 show the statistical comparisons between DABANG and BANGV for 794
atmospheres, on the cut-off angles, the overpressures, and the metrics, for an aircraft heading east. The
expected precisions from Table 2.1 are represented with vertical red lines. By convention, positive values
imply that the BANGV result is greater than the DABANG result, and for negative overpressure and
minimum cut-off angle the opposite is implied.

Min cut-off angle (°)

Max Cut-off angle (°)

Negative overpressure (Pa)

Positive overpressure (Pa)

Figure 2-6. Histograms of the difference between BANGV and DABANG, aircraft heading
east. Cut-off angles and overpressures.
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ASEL (dBA)

BSEL (dBB)

CSEL (dBC)

PL (PLdB)

Figure 2-7. Histograms of the difference between BANGV and DABANG, aircraft heading
east. Metrics: ASEL, BSEL, CSEL and PL.

Similarly, Figure 2-8 and Figure 2-9 show the statistical comparisons between DABANG and BANGV for
808 atmospheres, for an aircraft flying west.
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Min cut-off angle (°)

Max Cut-off angle (°)

Negative overpressure (Pa)

Positive overpressure (Pa)
(Logarithmic scale)

Figure 2-8. Histograms of the difference between BANGV and DABANG, aircraft heading
west. Cut-off angles and overpressures.
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ASEL (dBA)

BSEL (dBB)

CSEL (dBC)

PL (PLdB)

Figure 2-9. Histograms of the difference between BANGV and DABANG, aircraft heading
west: ASEL, BSEL, CSEL and PL.
Concerning differences in cut-off angle, as much for west heading than east, more than 60% of the
time the comparison is within the expected precision. However a non-negligible number of comparison
points are largely off precision. Moreover BANGV statistically predicts a narrower carpet. The source of
this discrepancy has been identified and comes from the difference in methodology used to determine
cut-off angles in the two codes. In DABANG a ray is considered out of the cut-off zone as soon as the ray
is refracted upwards (z(t+dt)> z(t), with z(t) the altitude of the ray at time t) and a bisection method is
used to determine the maximum and minimum angle for which the ray is not refracted upwards. In BANGV
an analytical solution of the cut-off angle is implemented for which in some cases the solution differs
largely from the geometrical definition of the cut-off angle. BANGV now implements the two
methodologies.
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In terms of pressure differences most of the points are outside the expected precision, this is
particularly noticeable in the histogram in logarithmic scale shown in figure 8. BANGV predicts most of
the time higher positive overpressure and lower negative overpressure. It is interesting to see that this
statistical bias is reflected differently amongst metrics.

Figure 2-10. Weighting for metric ASEL, BSEL and CSEL (credit Peter J Skirrow).
Because of the weighting of the low frequency content from ASEL, BSEL and PL the bias is lowered and
the difference distribution tends to be more centered unlike CSEL which maintains the bias towards higher
values for the BANGV code.
The difference observed is suspected to come from different implementation of the acoustical absorption
model. Further investigations are ongoing to determine the difference of absorption and dispersion values
given by the model during the ray propagation between the two codes.
We now focus on the cut-off angles for the two locations ANCHORAGE and PRETORIA, where the
largest differences between the two codes were observed. While the overpressure differences between
DABANG and BANGV do not exceed 1 Pa, as shown on Table 2.2 and Table 2.3, the deviation in the cutoff angles can reach up to 5 degrees. It is here assumed that for these locations, where the impact of the
lateral ray on the ground is sensitive to the conditions of the atmosphere, the two different techniques
implemented in the codes may explain the differences: in DABANG the impact point is processed using a
bisection algorithm, while in BANGV, under downward refracting atmosphere, the emission angle of an
horizontal ray can be determined numerically by relating the emission angle, here straightforwardly
computed, to the altitude at which the ray remains horizontal [4].
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min cut-off (°)

Max cut-off angle
(°)

BANGV

-48.53

50.35

DABANG

-52.43

54.92

Table 2.2. ANCHORAGE: 50 m altitude, run 1346328000, August the 30th 2002, at 12:00 AM.
Min cut-off
angle(°)

Max cut-off angle
(°)

BANGV

-48.53

50.35

DABANG

-52.43

54.92

Table 2.3. PRETORIA: 1523 m altitude, run 1343815200, August the 1st 2002, at 10:00 AM.

2.2.3 Sonic Boom Prediction Workshop 3
2.2.3.1 International Comparison
The Sonic Boom Prediction Workshop 3 was held in Orlando the 5th of January 2020.
They were 12 total number of submissions and 6 different propagation codes involved:




USA : PCBoom (VOLPE), sBoom (NASA), Zephyrus (BOEING)
Japan : IntegRay and Xnoise (JAXA)
France : BANGV (ONERA), DABANG (DASSAV)

Figure 2-11 Workshop participants
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The proposed test cases can be found at [11]. Details concerning the submission of all participants can
be found at [12].
Two propagation cases were proposed as an exercise involving two different signals and two different
atmospheres. For each test case the whole near-field cylinder was provided.
In the following Figure 2-12 and Figure 2-13 we give a rough overview of the geometry, near-field signal
and atmosphere characteristics.

Figure 2-12 Test Case n° 1 of the SBPW3, aircraft artist view, corresponding R/L=3 near field
view and atmosphere’s characteristics.
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Figure 2-13 Test Case n° 2 of the SBPW3, aircraft artist view, corresponding R/L=3 near field
view and atmosphere’s characteristics.
The comparison of the propagated signals between all participants and especially between DABANG and
BANGV for azimuth angle between 0° and 40° are in very good accord see Figure 2-14. Some outliers
were identified but the difference mainly comes from a misinterpretation of wind or azimuth
conventions. It can noted that the differences tend to increase when propagating at higher azimuth
angles see Figure 2-15. As can be expected this difference can also be seen on the difference on the
evaluation of the impact point on the ray on the ground see Figure 2-16. These differences are solely
dependent on the way the ray path equation are solved and therefore show that different interpolation
of the atmospheres are used as well as different numerical schemes.
Albeit these differences at high azimuth angle, the evaluation of the perceived level metric is very
similar for all participants, see Figure 2-16.
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Figure 2-14 Comparison of propagated signals from test case n°1. DABANG (left), BANGV
(middle), comparison of all submission undertrack (right)

Figure 2-15 Comparison of propagated signals from test case n° 1 from high azimuth angle.
DABANG (left), participants at azimuth 60° (middle), participants at cut off angle (right).
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Figure 2-16 Test case n°1 Comparison of perceived level (PLdB) for several azimuth angle
(left), comparison of the impacting point location of the propagated ray for different azimuth
(right)
For the second test case, the atmosphere chosen as well as the near field signal are more discriminating
and the differences between partners are higher. It is especially true for the shock strength for which
the spread is higher. Indeed the comparison between DABANG and BANGV show some differences that
are higher than for test case n°1.
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Figure 2-17 Comparison of propagated signals from test case n°2. DABANG (left), BANGV
(middle), comparison of all submission undertrack (right)

Figure 2-18 Test case n°2 Comparison of perceived level (PLdB)
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2.2.3.2 Detailed comparison between DABANG and BANGV
In order to further study the differences between DABANG and BANGV a comparison of the ray path
was made as well as the evaluation of the age variable and ray tube area.
The comparisons are made without taking into account the absorption model, which is a source of
differences but has not been investigated at this moment.
The comparison between the propagated signals is excellent for the test case n°1 (see Figure 2-19).
Regarding test case n°2 the comparison was pushed a step further and the comparison between all the
variables involved in the ray propagation was done between the two codes DABANG and BANGV.
This exercise required to study the implementation of both codes. In order to have common definitions
of the ray tube area and the age variable. For the two studied codes the numerical methods are very
similar regarding:




Interpolation of the atmosphere, both using Cubic-Hermite polynomial interpolation
Determination of the ray tube area is done through infinitesimal calculus.
The numerical integration is Runge-Kutta either adaptive or fixed step.
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Figure 2-19 : DABANG and BANGV propagated signal comparison for azimuth 0°, 30°, and
50°. Test case 1 of the SBPW3. No absorption model.
The main difference in the formulation is related to the determination of the slowness vector. In BANGV
the slowness vector 𝑠 = (𝑠𝑥 , 𝑠𝑦 , 𝑠𝑧 ) is hard coded such that 𝑠𝑥̇ = 0 and 𝑠𝑦 =̇ 0 contrary to DABANG. This
is confirmed in Figure 2-21 where we notice that 𝑠𝑥 and 𝑠𝑦 are strictly constant in BANGV contrary to
DABANG. However we can notice the excellent comparison between the 𝑠𝑧 value Figure 2-21.
Concerning all aspects, apart from the slowness vector for the reasons cited above, of the propagation
we can notice on test case n°2, that the comparison is excellent. First on the ray path, see Figure 2-20,
we can note that BANGV and DABANG solve in a similar manner the first six equations (coordinate of the
ray and tangent of the ray). When we look at the Blokhintsev factor and the age variable, see Figure
2-21, we can notice that the codes give very similar results through the whole ray path. This results in
very similar ground signal, see Figure 2-20.
We believe that this approach of code-to-code comparison has allowed us to understand all the
potential differences and we are now confident that the implementation of the two codes lead to
similar results. This process has been proposed as an exercise for the future Sonic Boom Prediction
Workshop.
One aspect is still to be investigated concerning the absorption model. But we think that comparing the
absorption coefficients throughout the ray propagation should enable us to understand all differences.
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Figure 2-20: Test case n°2 at azimuth 0° of the SBPW3, DABANG and BANGV comparison of
the ray path and the ground signal.

Figure 2-21 Test case n°2 at azimuth 0° of the SBPW3, DABANG and BANGV comparison of
the slowness vector (top left), the infinitesimal vectors involved in the computation of the ray
tube area (top-right), the Blokhintsev factor (bottom-left), the age variable (bottom right)
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2.3 Atmospheric sensitivity analysis
2.3.1 Statistical study on the influence of the aerology from the IGRA data base
Previous studies have already analyzed in details the influence of the meteorology on sonic boom
propagation: along the ground track of a Paris to New York trip, close to those used for Concorde, including
an aircraft acceleration [13]; using the Whitham’s F-functions, where the source term is adapted from an
Airbus mock-up of a planned European Supersonic Commercial Transport designed for carrying 250
passengers at Mach 2 in cruise [14]; for a hypersonic Mach 6 cruise aircraft [15]. In this paper, the
sensitivity of the aerology is dedicated to the low boom concept. It is first detailed for the influence of the
aerology at Stuttgart in Germany, where an amount of 56 atmospheres are available, allowing a relevant
statistical study. Figure 2-22 plots the profiles of the magnitude of the wind speed, the temperature, the
relative humidity and the density.

Wind speed magnitude (m/s)

Temperature (K)

Relative humidity (%)

Density (kg/m3)

Figure 2-22. Set of 56 aerology profiles at Stuttgart, Germany.
The relative humidity points out a great day to day variability on the whole runs. The wind speed
profiles also show strong variability, with an increase close to 10000 meters, coherent with prevailing
westerlies occurring at latitudes between 30 and 60 degrees. In contrast, as expected, the density and the
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temperature profiles decrease with the altitude with only weak differences between the runs. The
temperature decreases typically by 5 degrees °K per km up 12 000 meter, then temperature when
reaching the tropopause is roughly constant, and equals 220 °K, due to the disappearance of the
atmosphere and the ozone layer. Figure 2-23 shows the ground carpet pattern (blue curve) and the width
of the carpet (red line) of the sonic boom, determined by the two cut-off angles. Under ISO-Standard
atmosphere, without speed, the carpet is symmetrical to the trajectory axis of the aircraft, while in the
real atmosphere, in presence of a transverse wind, an asymmetry may occur. Then, differences may also
appear depending on heading of the aircraft.

Figure 2-23. Definition of the width carpet. Left: ISO- Atmosphere; right: real atmosphere.
Table 2.4 summarizes the prediction of the mean value, 𝑚
̂ = ∑𝑁
̂=
𝑘=1 𝑥𝑘 , and the standard deviation, 𝜎
2
√∑𝑁
𝑘=1|𝑥𝑘 − 𝑚𝑥 | , where xk represents a sample of the positive overpressure, the Rise Time and the

carpet width over the N samples at Stuttgart, and for the 0° heading angle of the aircraft trajectory. It is
observed that the standard deviation of overpressure and rise time remains weak, typically a few percent
of the mean value, while for the width of the carpet it can reach 10 %.
over pressure Rise Time Carpet width
(Pa)
(s)
(km)
𝑚
̂
𝜎̂
𝑚
̂
𝜎̂
𝑚
̂
𝜎̂
-3
19.5
0.5
1.4 10 10
55
8
2

Table 2.4. Mean and standard deviation of the overpressure, rise time and carpet width at
Stuttgart.
Figure 2-24 finally summarizes the mean values and the standard deviation of the overpressure and
the rise time propagated under track, and the width carpet, for the whole locations. In practice the
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number of samples for a given location typically varies from 10 to 60, so that the total number of samples
is about one thousand. For Shiraz, only one sample is available so that no standard deviation is computed.
On the right hand side of the graphic, STD and 0-STD bars correspond to ISO-Standard atmosphere results
with and without atmospheric absorption, respectively.
Overpressure (Pa)

Rise time (s)

Carpet width (km)

Figure 2-24.: Mean value ( ), standard deviation ( ), whole locations extract from the IGRA
data base.
In general, for each location, the same tendencies as in Stuttgart can be observed: the standard deviation
of overpressure and rise time remains small. Moreover comparing the whole locations, except at
Seychelles, weak variations of the mean value arise: the overpressure varies from 17 to 20 Pa and the rise
time varies in the range 1.4 to 1.6 10-2 s. In contrast, the variability of the width carpet, which strongly
depends on the wind speed, is more significant. While this study is restricted to the aerology encountered
during August, its general tendency is in agreement with the one observed in [14], where it was observed
that the variability is low undertrack, and is higher for lateral angles in terms of carpet width and boom
amplitude.
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2.4 Conclusion on the code-to-code comparison
A satisfactory agreement on the shape of the signature under track is found, especially the positive and
negative overpressure and the rise time, between the two codes DABANG at BANGV, both based on the
ray method. Differences in the width of the carpet can be observed for a few locations. This can be
explained by the presence of nearly horizontal rays along the ground, where the prediction of the impact
is sensitive to the algorithm implemented in each code to find the cut-off rays. This aspect, encountered
for a set of singular configurations is investigated by comparing the ray trajectories and the age function.
It is assumed that, when solving the same equations, the same results are expected. However for this kind
of situations, the assumption of the ray method itself is no more valid. CAA methods based on the Euler’s
equations taking into account the scattering effect and turbulence of the Planetary Boundary Layer
provide more realistic results with, in contrast, a significant larger CPU time required.
The prediction on the propagation of the sonic boom shows that, despite disparities on the aerology
and the climate related to the location, the over pressure and the rise time of the sonic bang on the ground
remains close together, with typical standard deviations of a few Pa and 10-3 s, respectively. Further
analysis using various trajectories including manoeuvers and acceleration should be examined to extend
the validity domain of the ray results.
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3 Topography effects
3.1 Introduction
This study is led within the Work Package 2 (WP2) of RUMBLE. One of its objectives, to which this study
contributes, is to validate the numerical methods for sonic boom prediction in order to predict sonic
boom effects on the ground. To this end, mechanisms which significantly affect sonic boom propagation
must be understood and integrated into prediction tools. These mechanisms notably include the effect
of turbulence, detailed in section 4 and topographic effects, discussed in the following.
Knowledge of the impact of a real terrain on sonic boom signatures on the ground is lacking. With the
current prediction schemes, the ground is usually assumed flat and perfectly reflecting and the reflected
boom is obtained by multiplying the incident boom by a constant factor [16]. The objective of the
current study is to identify topographic effects which may have an impact on perceived sonic boom
noise and to evaluate their significance using real ground elevation profiles.
To do so, the numerical methods used for this study are detailed first, in section 3.2. Section 3.3 focuses
on topographic effects on sonic boom propagation in the case of simple academic ground profiles, which
allow to highlight some of the main mechanisms at play. Finally, the impact of topography is
investigated using more complex ground profiles obtained from real elevation data in section 3.4.

3.2 Methods
3.2.1 Boom signal
In this study, the classical N-wave represented in Figure 3.1 is investigated. Some data resulting from
simulations with the C25D low boom wave, also shown in Figure 3.1, are briefly discussed as well.
Figure 3.1 presents the classical N-wave and the C25D low boom wave, while Figure 3.2 shows an
example of pressure maps and waveforms resulting from the reflection of the N wave and the C25D
wave on the same real irregular terrain. Their comparison indicates the same mechanisms are at play, as
both pressure maps and waveforms have similar shape. This report will focus mainly on the N-wave,
which allows for clearer analysis compared to more complex C25D low boom wave. The analysis of data
resulting from the latter is indeed less straight-forward, and it is currently underway.
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Figure 3.1: Sonic boom signals – classical N-wave (left) and C25D low boom wave (right).

Figure 3.2: Example of the reflection of N (top) and C25D (bottom) waves on real irregular
terrain (7530 meters along the medium elevation profile used in section 4.4) – waveforms (at
ground level) and pressure maps (±50 Pa).
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3.2.2 Propagation method
Numerical simulations are used to solve the two-dimensional Euler equations (mass, momentum,
energy) in time, under the ideal gas assumption. The computational domain is made of a supersonic
moving frame, which advances at the speed of the aircraft, set to Mach 1.6 for most of the cases
considered in accordance with the baseline Mach number defined by RUMBLE project partners.
Furthermore, the atmosphere is homogeneous and at rest in this study, focused on topographic effects
only.

Figure 3.3: Example of a pressure map (±50 Pa) resulting from the numerical simulations in
the case of sonic boom reflection over irregular terrain.
The bottom boundary of the domain corresponds to a rigid wall, so that the normal component of the
velocity at the wall is zero. The boundary may be deformed to investigate terrain with varying elevation,
as shown as an example in Figure 3.3. In order to fit the mesh to such irregular terrain configurations, a
curvilinear coordinate system is used. The lines of the mesh in the z-direction remain constant.
Furthermore, the grid size in the Cartesian coordinate system is constant in both directions throughout
the computational domain.
A non-reflective boundary condition of convolutional PML type [17] is applied at the top boundary. This
is not necessary on the left side of the domain as the moving frame advances at supersonic speed.
Finally, the incident sonic boom wave is injected through the right boundary.
A fourth order optimized Runge-Kutta scheme with 6 sub-steps is used for temporal discretization [18].
In space, optimized fourth order finite difference schemes are applied. To avoid grid oscillations, both
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selective filtering and a shock capturing method are used [19] - [20]. Finally, the code is parallelized
using OpenMP to reduce computational time.

3.2.3 Verifications and spatial convergence
Over a rigid flat surface, the reflected wave should be equal to the incident wave to which a reflective
factor of 2 is applied. The simulations were verified for this flat case, and this condition is satisfied. A
pressure map showing reflection over flat ground is represented in Figure 3.4. It shows that the SnellDescartes condition is also satisfied, and that the non-reflective condition at the top boundary behaves
correctly.

Figure 3.4: Pressure map (±50 Pa) of an N-wave reflecting over a flat surface.
Spatial convergence is verified by comparing the perceived noise obtained from simulations run with
different grid sizes. This perceived noise is evaluated with the different metrics discussed in deliverable
D3.1 [21] using the python package “soundmetricRUMBLE” developed by the partner Dassault Aviation.
Agreement between the perceived noise levels calculated from the waves used as inputs to the
simulations and the values obtained within deliverable D3.1 is verified.
This convergence study is led using a real irregular ground profile obtained with data from the French
geographic information institute (IGN) from the Nièvre region in France. It is represented Figure 3.5.
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Figure 3.5: Real irregular ground profile (IGN, Nièvre, France) used for grid size
convergence.

(a) Absolute values of perceived noise evaluated with different metrics: dξ=0.25 m (full line),
dξ=0.1 m (dashed line).

(b) Perceived noise evaluated with different metrics and normalized by the flat case: dξ=0.25
m (full line), dξ=0.1 m (dashed line).
Figure 3.6: Perceived sound calculated from simulations with grid sizes of dξ=0.25 m and
dξ=0.1 m.
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Noise levels corresponding to grid sizes dξ=0.25 m and dξ=0.1 m are shown in Figure 3.6. Figure 3.6(a)
shows absolute levels of the perceived noise using different metrics. While the coarser grid size results
in about 0.8 CSEL dB less than the fine grid, this error reaches nearly 6.0 ASEL dB, which is significant.
However, throughout this study, perceived noise levels are normalized using the flat terrain case. Such
normalized levels are represented in Figure 3.6(b), which shows the error due to grid size reduces
drastically. The error is less than 0.5 dB with the irregular terrain used, and less than 0.1 dB at most
positions considered. With this in mind and considering computational costs, the coarser grid size of
dξ=0.25 m is used in the rest of this study, in order to consider more ground profiles while maintaining
reasonable computational costs.

3.3 Impact of topography: academic cases
3.3.1 Ground depression
In this section, the impact on sonic boom reflection on a simple, isolated depression in the ground
profile is investigated. Figure 3.7 shows pressure maps and waveforms at different positions, as well as
the noise perceived over the whole ground profile using various metrics. The terrain irregularity is 300
meters wide and 50 meters deep, and the waveforms are evaluated at ground level. The color contour
and waveform on the left correspond to a position in the downhill part of the cavity. The pressure map
shows the reflected wave is affected by the variation in reflection angle. An increase in pressure is also
visible slightly above ground level at the bottom of the cavity, where the slope changes sign. This
translates into a reduction of perceived noise of up to -4.2 dBA at 37% of the cavity length, and an
increase in the region around the point of minimum elevation up to 4.2 dB with CSEL or ISBAP, while the
increase is limited for ASEL and PL metrics, more commonly used to study sonic boom propagation. The
pressure map in the center shows the beginning of the folding of the wave front caused by the change in
angle between the incident wave and the ground profile. This wave front folding heavily affects the
waveform, with a U-shaped wave typical of the passage through a caustic. At 73% of the cavity length,
where the slope reverses and noise levels are maximal, the first peak of this wave is larger than the
initial N-wave. The U-wave then reduces in amplitude, as shown on the figure on the right (at x=150 m
where the ground becomes flat again), which coincides with a reduction in perceived noise levels. The
latter gradually reach the values resulting from reflection over flat ground as the amplitude of the wave
propagating to the ground following wave front folding becomes negligible.
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Figure 3.7: Academic profile – ground depression: pressure maps (±50 Pa), waveforms and
normalized perceived noise evaluated using different metrics. Waveforms are calculated at
ground level, at positions centered around the minimum: -40 m (left), 70 m (middle), 150 m
(right).

3.3.2 Hill
Figure 3.8 shows pressure maps, waveforms and noise levels obtained with a similar academic ground
profile as in the previous section, with a hill instead of a cavity. This time, a first folding of the wave front
occurs in the uphill section of the terrain irregularity, as shown on the pressure map on the left. Notice
that the wave which propagates to the ground is of relatively low amplitude on the color contour in the
center of the figure and on the waveforms. The perceived noise increases up to 2.7 dBA maximum in
this region, at a position 43% along the length of the hill. In addition to wave front folding, the color
contours show the wave is locally affected where it is reflected over the irregular terrain. This explains
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the reduction in noise levels close to the top of the hill (x=0 m) and the subsequent increase from 87%
along the irregularity, where the perceived noise reaches a minimum at -2.1 dBA compared to the flat
case. In this last portion of the terrain irregularity, an overpressure zone is visible just above ground
level, as the wave reaches the bottom of the hill. Finally, the change in slope between the downhill side
of the terrain irregularity and the flat surface results in folding of the wave front a second time. The
wave which reaches the ground following this is stronger than the first U-wave, as shown by the
waveform and pressure map on the right, while it remains considerably weaker than the one resulting
from reflection over a depression in the ground, discussed in the previous section. This results in an
increase in noise by a maximum of 1.2 dB with CSEL and ISBAP metrics at a position 110 meters after the
hill (37% of its length). In the case of the cavity discussed above, noise levels are not affected at this
distance from the terrain irregularity, but the increase in noise levels due to wave folding is more than
twice the values resulting from reflection over the hill.

Figure 3.8: Academic profile - hill: pressure maps (±50 Pa), waveforms and normalized
perceived noise evaluated using different metrics. Waveforms are calculated at ground level,
at positions centered around the maximum: -30 m (left), 100 m (middle), 120 m (right).
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3.4 Impact of topography: application to real cases
3.4.1 Description of cases
The objective of this section is to verify the significance of topographic effects in the case of real ground
profiles, within the assumptions of this study (2D, homogenous atmosphere…etc.), and to investigate
how the mechanisms identified in the previous section for academic cases apply to these more complex
real cases.
To do so, data from the French geographic information institute (IGN) is used. Elevation profiles are
chosen from three regions with different elevation characteristics. They are presented in Figure 3.9, with
their associated elevation gradients. Their resolution is of 5 meters, and they are interpolated onto the
mesh within the code using a spline method. Figure 3.9(a) shows a low elevation ground profile from the
Ain region, with maximal elevation around 13 meters. This configuration is typical of flight-test zones.
The other two cases display larger elevations. In the following, the profile shown in Figure 3.9(b) will be
called the mild elevation case, while the one represented in Figure 3.9(c) will be referred to as the
medium elevation case, its elevation and in particular its slope being larger. The elevation of the mild
profile reaches a maximum at 145 meters, with a slope within ±15% over most of the profile, reaching 46% and 32% towards the end. As for the medium elevation profile, its maximum elevation is of 186
meters, while its slope varies between about ±30% on average and reaches a minimum and a maximum
at -72% and 77%.
As discussed previously, an N-wave is used for this study. The flight Mach number chosen for the low
elevation case is 1.3, while in the other two cases the baseline Mach of 1.6 is used.
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(a) Low elevation (Ain)

(b) Mild elevation (Nièvre)

(c) Medium elevation (Aveyron)
Figure 3.9: Ground profile and slope of the different cases considered.

This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

46

D2.3 - Best practices for far field
propagation
Version 05

3.4.2 Analysis
Figure 3.10 describes sonic boom reflection over the low elevation profile. The pressure map shows the
presence of wave front folding, due to a previous terrain depression. It is weaker than examples seen
with academic ground profiles in section 3.3, but in a similar way, the reflected wave prior to wave front
folding propagates towards the ground, affecting the tail of signals. The waveform presented in Figure
3.10 is evaluated at ground level, 2290 m along the profile, which corresponds to a maximum in
perceived noise, and the effect of wave front folding is visible in its tail. This effect is quite weak and the
waveform remains quite close in shape to the incident wave (Figure 3.1), which leads to little variation in
perceived noise as shown in Figure 3.10. Noise levels obtained using PL (Perceived Levels) and ASEL
metrics, which seem better suited to the study of sonic boom propagation, are presented on the same
graph as the elevation gradient. They are normalized by results obtained with flat ground. The perceived
noise levels vary little over the ground profile and are only weakly affected by the elevation variations,
the difference compared to the flat case being less than around 1.0 dB everywhere. Therefore,
topographic effects seem to have little effect on sonic boom reflection for such very low elevation
ground profiles, typical of flight-test zones. However, these areas are not typical of a majority of zones
where supersonic civil flight could take place and where topographic effects may be significant. Such
real profiles are discussed in the following paragraphs.
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Figure 3.10: Low elevation case, Ain - waveform at ground level at 2290 m along the ground
profile, with a corresponding pressure map (±50 Pa), and normalized perceived noise over the
whole ground profile (bottom).
Figure 3.11 presents sonic boom reflection over the mild elevation profile presented in section 3.4.1.
The waveform obtained 17930 meters along the profile, which corresponds to a minimum in perceived
noise (-0.9 PLdB and -1.3 dBA), is represented on top, with its associated pressure map. This position
corresponds to a downhill slope, which seems to soften the waveform. A waveform corresponding this
time to a maximum in perceived noise, at 17210 meters along the ground profile (1.6 PLdB and 1.9 dBA),
is shown in the middle of Figure 3.11. Its associated pressure map shows wave front folding occurs due
to a depression in the terrain just ahead. This time, a fully formed diamond shape is visible on the
contour and the U-wave which reaches the ground subsequently is of larger amplitude than in the low
elevation case discussed in the previous paragraph. This wave is clearly visible on the wave front, to the
right of the main N-wave, which seems to explain the larger perceived noise levels calculated at this
position. The graph representing the noise perceived at positions along the ground profile shows
significant topographic effects, which lead to the increase of noise levels over most of the profile
considered. It displays minima at -1.0 PLdB and -1.4 dBA and maxima at 2.2 PLdB and 2.9 dBA.
Furthermore, correlation between the slope of the elevation profile and noise levels is clearly visible,
which is in accordance with the mechanisms governing topographic effects discussed previously.
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Lastly, Figure 3.12 illustrates sonic boom reflection over the medium elevation ground profile. A
waveform obtained 12500 meters along it and corresponding to a minimum in perceived noise (-3.0
PLdB and -3.7 dBA) is represented on top with its associated pressure map. Like for the mild elevation
case, this position follows a downhill slope. The waveform shown in the middle of Figure 3.12
corresponds to a maximum in noise and was obtained 7530 meters along the ground profile (2.5 PLdB
and 2.4 dBA). The associated color map shows this position follows multiple occurrences of wave front
folding, with U-waves propagating to the ground in consequence. The last of these waves has a
maximum amplitude close to that of the original N-wave, significantly affecting the waveform and the
resulting noise, and making it much stronger than for the mild case discussed in the previous paragraph.
The effect of the other wave front folding is also visible in the second half of the tail of the signal. The
pressure maps and waveforms show topographic effects are stronger in this case, and this also
transpires on the graph showing noise levels. Again, the noise is increased by the variations in elevation
over most of the profile, reaching maxima of 3.9 PLdB and 3.2 dBA, but there are also positions where
noise is decreased with minima of -3.0 PLdB and -3.7 dBA, which is more significant than in the mild
case. As previously, comparison of noise level and elevation gradient curves indicate they are heavily
correlated.
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Figure 3.11: Mild elevation case, Nièvre - waveforms at ground level at 17930 m (top) and
17210 m (middle), with corresponding pressure maps (±50 Pa), and normalized perceived
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Figure 3.12: Medium elevation case, Aveyron - waveforms at ground level at 12500 m (top)
and 7530 m (middle), with corresponding pressure maps (±50 Pa), and normalized perceived
noise over the whole ground profile (bottom).
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Figure 3.13: Mild elevation case, Nièvre, C25D wave - waveforms at ground level at 17930 m
(top) and 17210 m (bottom), with corresponding pressure maps (±50 Pa).

Figure 3.13 and Figure 3.14 show pressure maps and waveforms obtained following the reflection of the
low-boom C25D wave on the ground, made of the mild and medium elevation profiles respectively. They
are shown at the same positions as those discussed in Figure 3.11 and Figure 3.12 above, with
waveforms leading to smaller levels of perceived noise on top and those corresponding to a strong noise
increase below. As mentioned in section 3.2.1, the pressure maps and waveforms have very similar
shapes compared to those obtained with the N-wave, notably with waveform folding at positions where
the perceived noise reaches larger levels. Full analysis of the effect of irregular terrain on the noise
perceived following the reflection of the low-boom C25D wave is underway.
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Figure 3.14: Medium elevation case, Aveyron, C25D wave - waveforms at ground level at
12500 m (top) and 7530 m (bottom), with corresponding pressure maps (±50 Pa).
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3.5 Conclusions and outlook
This section has focused on the study of topographic effects on sonic boom propagation and reflection
on the ground. Using numerical simulations, the characteristics of which were detailed, the analysis first
focused on academic ground profiles. These simple cases allowed to highlight some of the mechanisms
responsible for ground elevation variation effects on perceived noise. More complex real cases were
also investigated using ground elevation profiles typical of areas with different topographies, ranging
from very low elevations to medium elevations with strong elevation gradients. The mechanisms
highlighted using academic ground profiles were also identified with the real elevation variations.
Furthermore, the low elevation case, typical of flight-test zones, yielded very little effect of topography
on the waveforms and the resulting perceived noise levels. On the other hand, profiles from the other
two areas considered led to significant variations in waveform and noise levels, which were greater with
the medium elevation case, which displays larger elevation and slopes than the mild elevation
configuration. In both cases, the perceived noise was increased over most of the ground profile
compared to sonic boom reflection over a flat surface, but topographic effects also resulted in a
significant reduction of noise levels at some positions.
The identification of areas displaying different ground elevation characteristics is particularly interesting
in the prospect of a statistical study which is underway. Furthermore, some effects of varying ground
elevation on the reflection of the low boom C25D wave have been presented. Their analysis, which is
more complex than with the classical N-wave, are underway, including the comparison of topographic
effects on the reflection of both wave types. Finally, in the future, both a turbulent atmosphere,
discussed in section 3, and varying ground elevation should be included in the same tool to improve
sonic boom propagation predictions.
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4 Propagation throughout a turbulent
atmosphere
4.1 Introduction
Propagation of sonic boom is strongly affected by the atmosphere [16]. It is possible to distinguish large
scale fluctuations such as vertical gradients of temperature, pressure and winds playing a role all along
the propagation from the aircraft to the ground and small scale fluctuations occurring only in the Planetary
Boundary Layer (which is roughly 1 km height above the ground) and which are due to turbulence of the
temperature or wind fields. On the one hand, modeling and predicting effects due to large scale
fluctuations are quite well-established since the geometrical approach gives satisfactory results, except
for well-identified configurations where caustics and shadow zones exist. On the other hand, the effects
induced by small fluctuations are well-documented and observations of the sonic boom variability
through turbulence have existed since the 60’s but there are no consensus on the modeling and a lack of
predicting tools [22]. Small scale fluctuations can cause large distortions on sonic boom signature on the
ground. A large variety of waveforms have been observed during flight tests campaign [23], [24], [25],
[26], [27], more or less rounded or peaked with significant differences for the amplitude and the rise-time.
These observations have been reproduced with laboratory scale experiments [28], [29], [30], [31], [32],
[33], [34], [35], [36]. Numerical models have been developed to explain and predict the variability of sonic
boom through turbulence [35], [37], [38], [39], [40], [41], [42], [43], [44], [45]. Most of them are devoted
to thermal turbulence and only a few can include flow effects and 3D propagation. Moreover, the effects
of turbulent wind fluctuations on low-boom is still an open question.
This report focuses on the effects of turbulent wind fluctuations on the propagation of different sonic
boom signatures. Three boom signatures are investigated: a classic N-wave, a waveform measured during
a dive maneuver and a predicted waveform for the C25D configurations. We attempt to quantify the
effects of the turbulent velocity fields but also to investigate if these effects can be different depending
on the boom signatures (classic or low-booms).
The first part of the report is devoted to deterministic simulations with a high-fidelity solver developed at
Sorbonne University: FLHOWARD3D [41]. The aim of this part is to demonstrate the possibility to compute
accurately the propagation of sonic boom signatures by taking into account diffraction, nonlinearity,
absorption, relaxation and the presence of turbulent wind fluctuations. Another question investigated in
this part is the representativeness of 2D simulations compared to 3D ones or in other words, are
predictions made with 2D simulations relevant for 3D ones? The model used to generate the turbulent
wind fluctuations is a model of synthetic turbulence based on a von Kármán energy spectrum. This model
is not original and it is used by the community as the standard model. Even though direct computations
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of the turbulent field with sophisticated tools (such as LES or DNS) can give more realistic results, this
approach gives good results with an acceptable computational cost. This point is very important to make
a statistical study of the effects of the turbulence possible because it requires to generate many different
turbulent fields.
The second part investigates the impacts of the parameters triggering the model of turbulent wind
fluctuations on sonic boom propagation. Physical parameters are considered uncertain and a forward
uncertainty propagation is performed in order to quantify their effects. The intrinsic randomness of the
turbulence is studied in a more conventional way by doing statistics on different meta-models.

4.2 Deterministic propagation of sonic booms through turbulent
wind fluctuations
4.2.1 Propagation method: FLHOWARD3D
Propagation of sonic booms through turbulent wind fluctuations is computed with FLHOWARD3D
software [41]. It is an in-house code computing the propagation of acoustical shock waves in 3D. It is based
on a one-way equation including diffraction without any angle restriction, non-linearity, wide-angle
propagation through scalar and vectorial heterogeneous media, absorption and relaxation. It has been
already validated using comparisons with analytical solutions [41].
In this study, we consider propagation in air, the density is set to 𝜌0 = 1.2 kg/m3 and the nonlinear
parameter is 𝛽 = 1.2. Only turbulent fluctuations of the velocity fields are taken into account. The speed
of sound is constant set to 𝑐0 = 340m/s. Relaxation and absorption parameters are also assumed to be
constant during the propagation and are set to 𝑓𝑣 = 497 𝑀𝐻𝑧 for the thermoviscous absorption, and for
the relaxation 𝑓𝑂 = 29649 𝐻𝑧 and 𝑚𝑂 = 6.71 10−4 for the dioxygen and 𝑓𝑁 = 289 𝐻𝑧 and 𝑚𝑁 =
1.26 10−4 for the diazote.
Rigid boundary conditions are chosen on the ground, and absorbing boundary conditions (ABC) are chosen
at the upper limit of the domain, and in the transverse dimension for the 3D propagation. The absorption
coefficient in the ABC is chosen as 𝜁 = 20 × 𝑐0 ×

(𝑦−𝐿)2
,
𝑎3

with 𝐿 the beginning of the boundary layer and

𝑎 the width of the boundary layer.
Assuming, that the pressure is known in an initial plane 𝑝(𝑥 = 0, 𝑦, 𝑧, τ), then the evolution is made in
space computing 𝑝(𝑥, 𝑦, 𝑧, τ) step by step with a step Δ𝑥 in the x-direction, as it is classic for the one-way
equations. The retarded time τ = 𝑡 − 𝑥/𝑐0 is chosen to be zero at the mean speed of sound 𝑐0 .
Both two-dimensional and three-dimensional simulations are possible. The code is parallel and works with
MPI library. The parallel algorithm is described in [22] it is based on a 1D-slab approach. Due to this
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approach, the maximum number of processors is equal to the smallest number of points in space.
Therefore, for two-dimensional simulations, one can use only 1 processor (because in this case 𝑁𝑧 =1) and
for three-dimensional simulation the maximum number of processors is min(𝑁𝑦 , 𝑁𝑧 ).

4.2.2 Boom signals
Three signals have been studied. The first signal is an N-wave with a rise time of around 1.5 ms. It is
considered to be a classic boom. The second signal is a boom measured from a F-18 aircraft. The aircraft
was doing a dive producing a low-boom signature. The rise time is around 9.2 ms, higher than for the Nwave. These first two signals have been used in the AIAA sonic boom prediction Workshop in 2014 [46],
[47]. The third boom has been obtained with a simulation of the propagation of the low-boom
configuration "NASA C25D". This configuration has been provided by the NASA. The rise time is around
13.7 ms. For the comparison, we chose to re-scale the three signals with the same amplitude for the
positive peak pressure: about 25 Pa. Signals and spectra are shown on Figure 4-1.

Figure 4-1 Boom signals and their spectra: N-wave (left), signal measured from a F-18 aircraft
(middle) and NASA C25D low boom concept (right)
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The N-wave has a fundamental frequency of 4.4 Hz, the F-18 signal has a fundamental frequency of 3.8
Hz and the C25D signal has a fundamental frequency of 7.6 Hz. This is consistent with their duration.
The levels expressed in different metrics are given Table 4.1 (distance x=0m). Metrics are computed with
the package “soudmetricRUMBLE” developed during the Rumble project.

4.2.3 Model for the turbulent wind fluctuations
Turbulent wind fluctuations are computed by the random field generation method [48]. This method
consists in synthesizing the components of the velocity field from its energy spectrum and a random draw.
Among various existing spectra, the von Kármán spectrum is the most popular in the sonic boom
community. It decreases with a power -5/3 for high frequencies, which matches with experimental
observations, and it presents also a decrease at low frequencies below the characteristic length scale. The
synthetic turbulence is supposed to be homogeneous and isotropic.
The equation for a von Kármán energy spectrum is:
𝐸(𝑘) =

𝜎 2 𝑘 4 𝐿50
3√𝜋 𝛤(1/3) (1 + 𝑘 2 𝐿20 )17/6
4 𝛤(17/6)

The von Kármán energy spectrum depends on two parameters: the amplitude of the turbulence 𝜎 and
the characteristic size of the turbulence L0. 𝛤 represents the Gamma function and 𝑘 is the norm of the
wave-vector 𝑘.
The velocity fields are reconstructed from the energy spectrum:
𝑁𝑥 −1 𝑁𝑦 −1 𝑁𝑧 −1

𝑙1 𝑚𝑥 𝑙2 𝑚𝑦 𝑙3 𝑚𝑧
𝑢0𝑗 (𝑥, 𝑦, 𝑧) = ∑ ∑ ∑ 𝑤𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )𝑒𝑥𝑝[2𝜋𝑖 (
+
+
)]
𝑁𝑥
𝑁𝑦
𝑁𝑧
𝑚𝑥 =0 𝑚𝑦 =0 𝑚𝑧 =0

With x = l1 Δx, y = l2 Δy and 𝑧 = l3 Δz, 𝛥j the step in the 𝑗 (𝑥, 𝑦 or 𝑧) direction, 𝑁j the number of
discretization points in the 𝑗 direction, and k j = mj Δk𝑗 the discrete wave-vector components with 𝛥𝑘𝑗 =
2𝜋
.
𝛥𝑗 𝑁𝑗

Vector 𝑤 is defined as follows:

𝑤(𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) = 𝐻(𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) × 𝑅(𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ):
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𝑤1 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
𝑤
( 2 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ))
𝑤3 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
𝑅1 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
𝐻11 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻21 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻31 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
= (𝐻12 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻22 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻32 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )) × (𝑅2 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ))
𝑅3 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
𝐻13 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻23 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) 𝐻33 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
with 𝑅(𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) the random vector such as:
𝑅𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) = 𝑎𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) + 𝑖𝑏𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
⟨𝑎𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )2 ⟩ = ⟨𝑏𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )2 ⟩ = 1
⟨𝑎𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )𝑏𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )⟩ = 0
where 𝑎𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) and 𝑏𝑗 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) are realizations of uncorrelated random Gaussian variables.
And
𝐻11 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) = √𝜙11 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧
𝐻12 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) =

𝐻13 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) =

𝜙12 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )√𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧
√𝜙11 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )
𝜙13 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )√𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧
√𝜙11 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )

2
𝐻22 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) = √𝜙22 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧 − 𝐻12
(𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )

𝐻23 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 ) =

𝜙23 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧 − 𝐻12 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )𝐻13 (𝑚𝑥 , 𝑚𝑦 , 𝑚𝑧 )
√𝜙22 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )𝛥𝑘𝑥 𝛥𝑘𝑦 𝛥𝑘𝑧

𝐻21 = 𝐻31 = 𝐻32 = 𝐻33 = 0
and
𝜙𝑖𝑗 (𝑘⃗ ) =

2𝐸(𝑘)
(𝛿 𝑘 2 − 𝑘𝑖 𝑘𝑗 )
4𝜋𝑘 4 𝑖𝑗

Examples of velocity fields with different parameters are shown Figure 4-2. The first two (left and middle)
are 2D maps (a slice of the 3D field) for a computation with the same random vector𝑅 , with different
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values of 𝐿0 . The turbulent structures are in the same places, but they are more detailed when 𝐿0 is
small. The third one has been generated with another random vector 𝑅, and has different structures.

Figure 4-2: Velocity fields in 2D (up) and in 1D at y=132 m (down) in m.s-1 in the x direction
for different values of 𝑳𝟎 and 𝑹 : 𝑳𝟎 = 50 m (left), 𝑳𝟎 = 100 m (middle), and 𝑳𝟎 = 100 m with a
new 𝑹 (right).

4.2.4 Convergence studies
This section presents the studies made to find the numerical parameters for FLHOWARD3D and the
generation of the turbulent wind fluctuations ensuring an acceptable level of accuracy on the numerical
solution. The methodology is the same for the three studies: the grid steps are refined until pmax and ASEL metrics reach an acceptable level of convergence.
4.2.4.1 Temporal convergence
First, the minimal sampling frequency for the three signals described above is determined before
propagation. In order to have a good description for all the metrics, a sampling frequency of at least 1024
Hz is required as it is illustrated on Figure 4-3.
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Figure 4-3: Temporal convergence of different metrics for the initial N-wave (the most
difficult signal to converge)
Then, the propagation of the N-wave in a quiescent two-dimensional homogeneous medium of 1 𝑘𝑚 ×
1 𝑘𝑚 is computed. This waveform has been chosen because it is the signal with the highest frequencies,
so it should be the most difficult to converge. The spatial sampling was enough not to have an influence.
Results are shown on the right of Figure 4-4 for 𝑝𝑚𝑎𝑥 and A-SEL, which is the most difficult metric to
converge. One can see that a sampling frequency of 𝑓𝑡 = 512 𝐻𝑧 is not enough. results for a sampling
frequency 𝑓𝑡 = 1024 𝐻𝑧, are satisfactory since the differences compared to the results obtained with a
sampling frequency of 𝑓𝑡 = 4096 𝐻𝑧 are small: less than 2 dBA for all the distances of propagation. For
𝑓𝑡 = 2048 𝐻𝑧, the differences with 𝑓𝑡 = 4096 𝐻𝑧 are smaller, less than 0.5 dBA. In the following parts, a
value of 𝑓𝑡 = 2048 𝐻𝑧 is chosen.
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4.2.4.2 Spatial convergence
The spatial convergence study has been made considering two-dimensional propagation. There are two
sampling rates to determine: 𝛥𝑥 and 𝛥𝑦 . Note that these directions are not symmetric, x-direction is the
propagation direction and y-direction is a transverse direction.
One-way methods are known to be efficient concerning the advancement in the x-direction and the
convergence is reached for 𝑁𝑥 = 128 (for a propagation distance of 1km). Concerning the y-direction, the
propagation has been made in a homogeneous atmosphere without turbulence with different values of
𝑁𝑦 , for the N-wave. The results for pmax and A-SEL are shown on the left of Figure 4-4. For 𝑁𝑦 = 512 and
𝑁𝑦 = 1024, there are many differences with the higher values of 𝑁𝑦 : the sampling is insufficient. The
propagation for 𝑁𝑦 = 1510 and 𝑁𝑦 = 2048 are very similar: the propagation seems to be converged with
𝑁𝑦 = 1510. This is the value of 𝑁𝑦 chosen for the following parts of the study, for the 2D propagation.
For the 3D configuration 𝑁𝑦 = 𝑁𝑧 =600 have been chosen, with transverse dimensions of 600 𝑚 × 600 𝑚
(propagation perpendicular to the ground, called vertical propagation) or 1000 𝑚 × 600 𝑚 (propagation
parallel to the ground, called horizontal propagation). This is because the 3D simulation has a
computational cost much more important than the 2D simulation. This means that for the 3D simulation
the spatial domain was not fully converged, but the difference with a fully converged domain was judged
weak enough to that the result would still be relevant.

This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

62

D2.3 - Best practices for far field
propagation
Version 05

Figure 4-4: Spatial Convergence study (left) and temporal convergence study (right) for
different metrics : maximum of pressure (up) and A-SEL (down) in function of the
propagation distance for different sampling values, for the N-wave.
4.2.4.3 Grid size for the turbulent wind fluctuations
A study to determine the minimal size of the turbulence is then performed. Indeed, depending on
frequencies of the studied signals, there should be a size for the turbulence structure, where smaller
structure won't have an effect on propagation. This will determine the minimal sampling of the
turbulence, and if the sampling is more precise than the spatial sampling determined previously, it will
become the minimal spatial sampling of the propagation.
In order to determine this size, the von Kármán spectrum used to compute the turbulence is filtered: A
Tukey filter is applied, starting from different values of 𝑘, which will be noted 𝑘𝑐 . This way, only wave
numbers below 𝑘𝑐 are present. As 𝑘 =

2𝜋
,
𝜆

this means only sizes above 𝜆𝑐 =

2𝜋
𝑘𝑐

are present in the

turbulence. The propagation in the truncated atmosphere with different values of 𝑘𝑐 is then compared
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with the propagation in the whole atmosphere, to determine from which 𝑘𝑐 the difference with the whole
atmosphere is negligible. The curves of the variation of 𝑝𝑚𝑎𝑥 and 𝐴 − 𝑆𝐸𝐿 between the whole
atmosphere and the atmosphere with 𝑘𝑐 = 0.5 𝑚. 𝑠 −1 and 𝑘𝑐 = 1 𝑚. 𝑠 −1 are shown in Figure 4-5. This is
shown for the N-wave, which is the signal that causes the most variations. It is seen that with 𝑘𝑐 =
0.5 𝑚. 𝑠 −1 , the variations of the maximum pressure are higher than 1 Pa and the variations of 𝐴 − 𝑆𝐸𝐿
higher than 1 dBA. For 𝑘𝑐 = 1 𝑚. 𝑠 −1 , these variations are lower than 0.5 Pa and 0.5 dBA, which is
sufficiently low. A value of 𝑘𝑐 = 1 𝑚. 𝑠 −1 is chosen, which means 𝜆𝑐 =

2𝜋
𝑘𝑐

= 6 𝑚. If the spatial sampling

step is below 6 m, all turbulence effects are taken into account. This means a value of 𝑁𝑥 and 𝑁𝑦 above
1000
6

= 167. With 𝑁𝑦 = 1510, this condition is respected. A value of 𝑁𝑥 = 256 is chosen to respect this

condition.

Figure 4-5: Differences between the propagation in the atmosphere with a filtered spectrum
and with a whole spectrum, for the N-wave, for 𝒌𝒄 = 𝟎. 𝟓 𝒎−𝟏 (left) and 𝒌𝒄 = 𝟏 𝒎−𝟏 (right),
for 𝒑𝒎𝒂𝒙 (up) and A-SEL (down), for 𝝈 = 𝟑 𝒎. 𝒔−𝟏 and 𝑳𝟎 = 𝟏𝟎𝟎 𝒎.
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4.2.5 Results
Two main configurations have been studied (as illustrated in Figure 4-6):




2D/3D propagation in a direction parallel to the ground (horizontal propagation) (see left part of
Figure 4-6), in this case the bottom boundary condition (z=0) is rigid and the other ones have an
absorbing boundary layer. Two plane wave-fronts are imposed with an angle of 10° for the
incoming wave-front (and -10° for the reflected one) as the initial condition (x=0)
2D/3D propagation in a direction perpendicular to the ground (vertical propagation) (see right
part of Figure 4-6), all boundary conditions are absorbing boundary layers. A plane wave is set as
initial condition.

Figure 4-6: Configurations studied for the propagation through turbulent wind fluctuations:
(left) horizontal propagation (right) vertical propagation.
The computational domain has been chosen to be 1 𝑘𝑚 × 1 𝑘𝑚 for the 2D simulations, 1 𝑘𝑚 ×
1 𝑘𝑚 × 0.6 𝑘𝑚 for the 3D horizontal propagation and 1 𝑘𝑚 × 0.6 𝑘𝑚 × 0.6 𝑘𝑚 for the 3D vertical
propagation. The numerical parameters are 𝑁𝑥 =256, 𝑁𝑦 =1510 in 2D, and 𝑁𝑥 =256, 𝑁𝑦 =600 and 𝑁𝑧 =600 in
3D (with x the propagation distance in both case, which means that x is the vertical direction in the vertical
propagation).
4.2.5.1

2D simulations

An example of the pressure field after propagation in a medium with turbulent wind fluctuations for the
N-wave is shown figure 7. Focusing and defocusing can be seen at different altitudes and distances. They
are caused by the turbulence. This result has been obtained with a two-dimensional simulation for a
horizontal propagation and turbulent parameters 𝜎 = 2 𝑚. 𝑠 −1 and 𝐿0 = 100 𝑚.
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Figure 4-7: Pressure levels in a two dimensional domain of computation for an incoming
wavefront and the reflected one for a horizontal propagation. The input signal is the N-wave.
Temporal ground signals at different distances are extracted and plotted in Figure 4-8. It is shown that, as
expected, turbulence can have a strong effect on signals: there are important changes on the shape and
the amplitude, especially for the N-wave, which rises up to 40 Pa at 1000 m for this configuration. The Ushape of the N-wave at 1000 m can be found in experimental studies (for example in [26]) and this range
of overpressure is found in many experimental measures: for instance, variations from 0.6 to 2.6 lbs./ft 2
are found in [27], from 0.8 to 2 lbs./ft2 in [26], from 1.36 to 2.57 lbs./ft2 in [24]. Many experimental studies
see a doubling (or more) of the peak pressure caused by atmospheric turbulence, as observed in this
simulation.
Values of 𝑝𝑚𝑎𝑥, the metrics and the rise time for different distances are given Table 4.1. For each metrics,
the initial value is bigger for the N-wave and lower for the C25D boom. The rise time is far lower at the
beginning for the N-wave, but at 1000 m it attains the same scale as the other signals.
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Figure 4-8: Signals extracted on the ground at different distances for an N-wave, a boom
measured from a F-18 aircraft and C25D low-boom signal after a horizontal propagation in a
2D turbulent atmosphere.
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N-Wave

F-18

C25D

Distance

pmax (Pa)

A-SEL (dBA)

B-SEL (dBB)

D-SEL (dBD)

0m
196 m
392 m
1000 m
0m
196 m
392 m
1000 m
0m
196 m
392 m
1000 m

23.9
31.8
21.8
43.3
24.7
25.7
22.4
28.3
24.7
25.3
23.4
28.5

77.6
81.9
77.3
82.8
68.1
71.0
67.2
72.0
63.2
66.2
62.3
66.5

88.3
91.1
87.3
92.0
82.8
84.4
81.1
84.8
78.1
79.7
76.5
80.0

88.0
90.7
87.0
91.5
83.7
84.8
82.2
85.3
81.1
81.9
80.3
83.0

Rise time
(ms)
1.5
1.5
0.98
14.7
9.2
9.3
10.7
15.1
13.7
14.2
15.1
21.0

Table 4.1: Values of the maximum of pressure, the metrics A-SEL, B-SEL, D-SEL and the rise
time for the 3 signals at different distances.

4.2.5.2

3D simulations

The FLHOWARD3D code has also been used to investigate the two 3D configurations. For both cases, a
medium with turbulent wind fluctuations is generated. Figure 4-9 shows the iso-contours of the generated
turbulent wind fluctuations (𝜎 = 2 𝑚. 𝑠 −1 and 𝐿0 = 100 𝑚), in which the boom signals are propagated.
First, the horizontal propagation is computed. Figure 4-10 shows an N-wave after propagation in the
medium with the turbulent wind fluctuations presented Figure 4-9. The reflection on the ground is visible
on the middle slice where one can see clearly the incoming and the reflected wavefronts. On the ground,
the N-wave is still recognizable, but its shape changes depending on the location in the transverse
direction. Boom signatures on the ground have been extracted on 21 locations (see Figure 4-11).
Microphones are equally spaced (about 40m between two microphones) on a line perpendicular to the
direction of propagation. One can see different shapes. For instance, the signal at y=43m has a classic Nshape, while the signal at y=-333m has a U-shape. These important fluctuations on a relatively short range
are comparable to what is observed experimentally.
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Figure 4-9: Turbulent wind fluctuations with parameters 𝝈 = 𝟐 𝒎. 𝒔−𝟏 and 𝑳𝟎 = 𝟏𝟎𝟎 𝒎 in a
computational domain of 𝟏𝒌𝒎 × 𝟏𝒌𝒎 × 𝟎. 𝟔𝒌𝒎

Figure 4-10: 3D visualization of the pressure field for an input N-wave in the vertical
propagation configuration. The pressure field on the ground is plotted in 3D. A vertical slice
presents the pressure field in the middle of the computational domain. The black spheres
represent microphones used for Figure 4-11
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Figure 4-11: Boom signatures on the ground recorded by 21 microphones located on a line
perpendicular to the direction of propagation for an initial N-wave
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Figure 4-12 and Figure 4-13 present boom signatures on the ground for the two other signals, respectively
F18 and C25D. Waveforms have been extracted exactly at the same positions than for the N-wave. The
turbulence parameters (𝜎 and 𝐿0 ) are the same but the random vectors are different for the three
simulations. On can see that the signals are smoother and more homogeneous than for the N-waves.
These observations tend to show that low-booms are less sensitive to the turbulent wind fluctuations
even though this statement should be confirmed by a statistical analysis in order to avoid bias due to the
low number of signals.

Figure 4-12: Boom signatures on the ground recorded by 21 microphones located on a line
perpendicular to the direction of propagation for an initial F18 boom signal
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Figure 4-13: Boom signatures on the ground recorded by 21 microphones located on a line
perpendicular to the direction of propagation for an initial C25D boom signal

Then, the vertical propagation has been studied. Only a 3D visualization is reported here in Figure 4-14.
One can see only one wavefront propagation in the turbulent medium. As before, the N-wave is
recognizable but perturbed by the turbulent wind fluctuations.
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Figure 4-14: 3D visualization of the pressure field for an input N-wave in the vertical
propagation configuration.
4.2.5.3

Impacts of 2D/3D modeling on the propagation throughout turbulent wind fluctuations

This section deals with the question of representativeness of 2D simulations to predict a 3D phenomenon.
We would like to know if it is possible to use 2D simulations instead 3D ones to have reliable data on the
propagation of sonic boom through a layer with wind fluctuations. To address this question, 2D and 3D
simulations have been done in order to compare the effects of the wind fluctuations on the maximum
level and see if sonic boom signals are stronger (or not) in 3D compared in 2D.
Figure 4-15 and Figure 4-16 show the cumulative probability to reach a level either with a normalized
maximum pressure (normalization by the maximal initial value) or in PLdB. Cyan and purple curves are
obtained from a 3D and a 2D simulations of horizontal propagation and the yellow and red curves are
obtained from a 3D and a 2D simulations of vertical propagation (parameters and number of simulations
are given Table 4.2). These curves shows that the 2D propagation can have minimal and maximal values
of 𝑝𝑚𝑎𝑥 slightly inferior compared to the 3D propagation, for the minimal values, around 0.27𝑃0 for 2D
and 0.35𝑃0 for the 3D, and for the maximal values, around 3.25𝑃0 for the 2D and 3.8𝑃0 for the 3D. The
number of rare events is given in Table 4.2. Nevertheless, curves can be considered to be close especially
for the vertical propagation, and even though differences exist between 2D and 3D tendencies are similar.
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Figure 4-15: Cumulative probability of the normalized maximum pressure in different 3D
and 2D configurations

Figure 4-16: Cumulative probability of the normalized PLdB in different 3D and 2D
configurations
In another study, Stout [45] (figures 6-6 and 6-7) observes numerically possible strong amplifications in
3D of the initial signal up to a factor 8 compared to 2D simulations for which the maximum amplification
factor is about 4 (3D levels can reach higher levels +8 PLdB compared to 2D ones). Even though such high
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levels seem very unlikely (probability less than 0.0001), they are said to exist. Therefore, our observations
are a bit different, since we find a maximal amplification of 3.8 for 2D and 3D. Nevertheless, several
differences exist with this study. Indeed, results have been obtained for numerical simulations based on
a Khokhlov-Zobolotskaya-Kuznetzov model (KZK model [49], [50]) and an anisotropic synthetic turbulence
also using a von Kármán energy spectrum. The KZK model is based on a parabolic approximation which
implies an angular restriction on the direction of propagation of the wave (+-15°). This is a difference with
the solver used in this study. Indeed, FLHOWARD3D has no angular restriction and is valid for waves with
angles up to 90°. The anisotropic model of turbulence uses the same von Kármán spectrum than the
isotropic model, but parameter 𝐿0 now depends on the altitude of the turbulence. Temperature
fluctuations are also computed, and their 𝜎𝑇 and 𝐿0𝑇 both depend on the altitude [51]. This atmospheric
model should be more realistic than the isotropic one. The KZK model and the anisotropic turbulence are
used to compute sonic booms with a vertical propagation. The statistics are based on 11 different
simulations. In order to compare our results with those of [45], simulations of the propagation of the Nwave through 2D and 3D atmospheres in the vertical configuration with an anisotropic turbulence and
the KZK model have also been computed. To do that, an implementation of the anisotropic model has
been done and the FLHOWARD3D model has been downgraded to the KZK model for this test, by
modifying the part of the code solving the diffraction effects to solve the KZK equation instead of the
nonlinear wave equation.
The maximum pressure maps on the ground (supposed to be reached at the last distance) for the two
models of propagation and the two models of wind fluctuations are plotted Figure 4-17. It shows that the
choice of the FLOWARD3D model or the KZK model has a negligible impact on the final peak pressure.
Furthermore, in every case, the range of values of the peak pressure is similar, so the model of atmosphere
does not have a significant impact on the values of the maximum pressure. For these cases, the cumulative
probabilities are also reported on previous figures Figure 4-15 and Figure 4-16. No significant changes are
visible, the cumulative probabilities are comparable. This is different from Stout’s results, who showed
that the 3D propagation has probability to reach values of around 8𝑃0 . However, we had a different
propagation code (even if we use it to solve KZK equation), a different sampling of the signal, and probably
a N-wave with a slightly different rise-time (and this parameter is critical). These differences could explain
our results and off course, this last statement should be examined carefully. For instance, an examination
of the existing experimental database could check the existence or not of very strong amplifications.
In conclusion, the 2D simulations seem appropriate for the propagation of the signals considered in this
report through turbulent wind fluctuations. In the next parts of this report, only the 2D propagation are
considered.
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Figure 4-17: Maximum pressure on the ground (supposed to be reach at the last distance) for
the vertical propagation of a N-wave with different models and atmospheres (left and
middle) and absolute value of the difference between the propagation with the KZK model
and the FLWOWARD3D model (right).
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3D
vertical propagation
Stout
propagation
3D

KZK model,
anisotropic
atmosphere

KZK model,
isotropic
atmosphere

number of
processor
𝑢∗
𝑤∗
𝑇∗
𝑇0
𝜎
𝐿0
𝛥𝑥
(propagation)
𝛥𝑦
𝛥𝑧
𝑓𝑡
number of
realization (𝑅)

?

32

0.66 m.s-1
1.76 m.s-1
-0.25 K
35.8 °C
0.3 m

number of
point for the
study
number of
rare events
(p<0.0001)

2D

3D
horizontal propagation

32

FLHOWARD
model,
anisotropic
atmosphere
32

FLHOWARD
model,
isotropic
atmosphere
32

FLHOWARD
model,
isotropic
atmosphere
1

FLHOWARD
model,
isotropic
atmosphere
1

FLHOWARD
model,
isotropic
atmosphere
32

0.66 m.s-1
1.76 m.s-1
-0.25 K
35.8 °C
~4m

0.66 m.s-1
1.76 m.s-1
-0.25 K
35.8 °C
100 m
~4m

0.66 m.s-1
1.76 m.s-1
-0.25 K
35.8 °C
~4m

1.55 m.s-1
100 m
~4m

1.55 m.s-1
100 m
~4m

1-3 m.s-1
50-150 m
~4m

1-3 m.s-1
50-150 m
~4m

0.5 m
0.5 m
51.2 kHz
11

~1m
~1m
2048 Hz
11

~1m
~1m
2048 Hz
4

~1m
~1m
2048 Hz
6

~1m
~1m
2048 Hz
20

~ 0.66 m
2048 Hz
36

?

~1760000

~640000

~960000

~3200000

~43200

~ 0.66 m
2048 Hz
50 (× 36
couples of 𝜎
and 𝐿0 )
~460800

~ 1.4 m
~1m
2048 Hz
1 (× 36
couples of 𝜎
and 𝐿0 )
5760000

~64

~96

?

~176

~320

~4

~46

~576

Table 4.2: Parameters of the different numerical simulations
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4.2.6 Conclusions
This part shows that the simulation of sonic boom propagation throughout the planetary boundary layer
(i. e. through the last kilometer of propagation) is affordable in 2D and 3D. Both the propagation code and
the turbulence generation method are described. FHLOWARD3D code has already been validated and
used in a context of sonic boom propagation [22], [41]. Here, numerical parameters relevant for the
simulation in the PBL with turbulent wind fluctuations have been determined by a convergence study. In
particular, the minimal size of the grid which does not impact results with turbulence has been found: a
minimal grid step of 6m ensures to have a maximum difference of 0.5 dBA compared to finer grids which
has been considered acceptable. Two configurations have been studied in 2D and 3D, in the first one the
propagation is horizontal and the reflection on a solid ground is taken into account, the second one
considers the propagation through the PBL from the top to the bottom without ground (vertical
propagation). For each configuration, three different boom signatures have been used as input in the
propagation code in order to compare effects of the turbulent wind fluctuations on different booms. The
strong variability observed experimentally is retrieved numerically and we obtained numerous different
waveforms with shapes consistent with experimental observations. For all signals, the rise time increases
with the distance of propagation. On the few observations collected here, the impact of the turbulence
seems weaker for low-boom signature than for the classic one but this observation has to be completed
by a statistical study (see next section). Finally, we compare the statistics about the maximum pressure
level obtained with 2D and 3D simulations. For this configuration (roughly 1km of propagation)
simulations in 2D or 3D give comparable results from a statistical point of view for the three studied
signals.
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4.3 Sonic boom analysis under wind fluctuations uncertainties
4.3.1 Introduction
Section 4.2 demonstrates the possibility to compute the propagation of different sonic boom signatures
through a medium with turbulent wind fluctuations using a high-fidelity solver which accounts for
diffraction, nonlinear effects, absorption, relaxation and heterogeneous effects. Nevertheless, the results
strongly depend on the medium itself and lead to the question: How to quantify the effect of the
turbulence on the sonic boom propagation? In this section, we propose to investigate this issue by
coupling an uncertainty quantification method of the physical parameters governing the turbulence with
a statistical approach for the intrinsic randomness of turbulence. The study has been conducted with twodimensional simulations both for convenience and because results obtained in the previous section show
that 2D and 3D give comparable results.
Most of the studies concerning the propagation of sonic boom through turbulent wind fluctuations use
synthetic turbulence with a von Kármán energy spectrum as presented previously. This model depends
mainly on three parameters: the magnitude of the turbulence 𝜎, the characteristic length scale 𝐿0 and
the random seeds 𝑅. The first two parameters contain physical characteristics of the turbulence while the
third one is related to the randomness. Even though they have a physical meaning, the values of the two
first parameters 𝜎 and 𝐿0 can be considered as uncertain because they depend on the atmospheric state.
The characteristic length scale 𝐿0 is known to have many variations [51], [52] but it is often chosen
between 100 and 200 m. The magnitude of turbulence 𝜎 can also have different values, generally they
range between 0 and 3 m.s-1. Table 4.3 presents a synthesis of the values of 𝜎 and 𝐿0 encountered in the
literature.
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𝜎 (𝑚. 𝑠 −1 )
0.6
1.87

𝐿0 (𝑚)
30
160

3
0 − 2.5

4𝜆 ≈ 150 − 200
100 − 200

0.48
2

1.5𝑧
0.1 −> 50 − 100
after rescaling
100 𝑚
5𝜆 ≈ 200 − 250
1
100 − 200

0.5 𝑎𝑛𝑑 2
0.3 − 3.3
0.07
0.6 − 1.6

Condition
Kolmogorov Spectrum

experimental values
near the ground
laboratory scale

near the ground

Reference
Plotkin [53]
Yamashita and
Obayashi [54]
Averiyanov [34]
Lipkens and Blackstock
[32]
Wilson [32]
Karweit et al. [55]
Luquet [22]
Wilson [56]
Ostashev et al. [57]
Wilson and Ostashev
[58]

Table 4.3: Values of 𝝈 and 𝑳𝟎 extracted from a literature review.
To quantify how the propagation of sonic booms is affected when these parameters are changed, we
conduct a study of uncertainty quantification using a standard method called generalized polynomials
chaos or gPC (see section 4.2.2). This method is very efficient to deal with multidimensional distribution
compared to Monte-Carlo or Latin Hypercube Sampling methods. From a methodological point of view,
random vector 𝑅 is fixed after a first random draw and only the impacts of 𝜎 and 𝐿0 are studied. This
method allows to access the level of pressure on the ground (and so all the metrics) and its moments
(average, standard deviation density of probabilities) for a predetermined continuous range of values for
𝜎 and 𝐿0 called meta-model 𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ) and not only for discrete values for which simulations have been
run. In a second stage, different realizations of random vector 𝑅 are computed and a gPC study is made
for each one of them. This approach made it possible to establish a large database for different sonic
boom signatures on the ground with good statistics.

4.3.2 Quantification of uncertainties: generalized polynomial chaos method
In order to estimate the influence of the parameters 𝜎 and 𝐿0 on the propagation, a stochastic analysis is
performed. The polynomial chaos method (gPC method) [59] is used. This method converges much faster
than the Monte Carlo method for a small number of variables. Because the calculation for the atmosphere
and FLHOWARD3D are costly, it is important to use a meta-model which can deal with a small number of
runs.
In the gPC method, the output random variable 𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ) is represented with a polynomial series
expansion.
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+∞

𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ) = ∑ 𝑝̂𝑛 (𝑥, 𝑡)𝜙𝑛 (𝜎, 𝐿0 )
𝑛=0

with (𝜎, 𝐿0 ) the random variables, 𝑝̂𝑛 the coefficients of the expansion and 𝜙𝑛 (𝜎, 𝐿0 ) polynomials of
degree 𝑛 . The random variables 𝜎 and 𝐿0 are assumed to have a uniform distribution, with 𝜎 ∈ [1,3]
m.s-1 and 𝐿0 ∈ [50,150] m. Nominal values are 𝜎 = 2 𝑚. 𝑠 −1 and 𝐿0 = 100 𝑚. This assumption fixes the
kind of polynomials: 𝜙𝑛 (𝜎, 𝐿0 ) are Legendre polynomials. In practice, the polynomial order is truncated
at an order N:
𝑁−1

𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ) = ∑ 𝑝̂𝑛 (𝑥, 𝑡)𝜙𝑛 (𝜎, 𝐿0 )
𝑛=0

The coefficients 𝑝̂𝑛 (𝑥, 𝑡) are calculated thanks to the orthogonality property:
𝑝̂𝑛 (𝑥, 𝑡) = ⟨𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ), 𝜙𝑛 (𝜎, 𝐿0 )⟩𝑃(𝜎,𝐿0 ) = ∬ 𝑝(𝑥, 𝑡, 𝜎, 𝐿0 )𝜙𝑛 (𝜎, 𝐿0 ) 𝑑𝜎𝑑𝐿0
where 𝑃(𝜎, 𝐿0 ) is the probability distribution. The integral is computed using quadrature rules:
𝐾−1

𝑝̂𝑛 (𝑥, 𝑡) = ∑ 𝑝(𝑥, 𝑡, 𝜎𝑘 , 𝐿0𝑘 )𝜙𝑛 (𝜎𝑘 , 𝐿0𝑘 )𝑤𝑘
𝑘=0

With K the number of quadrature points, (𝜎𝑘 , 𝐿0𝑘 ) the random variables at the quadrature points and 𝑤𝑘
the weights at the quadrature points. Quadrature points and weights are chosen accordingly to the
probability distribution of the input random variables. The number of quadrature points K has been
determined by a convergence study presented in the next subsection.
To summarize, gPC method consists in the following steps:
1. set the sonic boom signal (N, F18 or C25D),
2. choose the number of quadrature points K,
3. for each quadrature point :
a. set the values of the random variables 𝜎𝑘 and 𝐿0𝑘 ,
b. compute the turbulent wind fluctuations (code synthetic turbulence): 𝑢𝑘 ,
c. compute the pressure (code FLHOWARD3D): 𝑝𝑘 (x,y,t),
d. extract the ground pressure p(x,t,𝜎𝑘 ,𝐿0𝑘 ),
4. compute the coefficients 𝑝̂𝑛 (𝑥, 𝑡) by using quadrature rules at points k (gPC method),
5. compute the meta-model 𝑝(𝑥, 𝑡, 𝜎, 𝐿0 ) with the series expansion and the corresponding statistical
moments and probability density functions
Note that algorithm means that one FLHOWARD3D simulation is done for each quadrature point
(remember that 𝑅 is fixed).
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4.3.3 Convergence of the gPC method
This section presents the convergence tests concerning the gPC method. As presented previously,
polynomials series expansion has to be truncated at an order N which determines the number of
quadrature nodes and so the number of simulations to run. Because each run is time consuming, the order
of the quadrature should be as low as possible, but high enough to ensure converged results. An optimal
order k has to be found. The number of quadrature points is equal to (𝑘 + 1)2 , with k the order of the
quadrature.
To find an optimal order, the gPC method with the order 3, 5 and 7 has been applied on the propagation
of the N-wave. As a reference, a Latin Hypercube Sampling (LHS) method has been used to generate a
near random sample of 1000 couples of parameters, which were used for a quasi Monte-Carlo simulation.
Because there were only 1000 samples, this method is not completely converged, but it still makes a good
reference.
The mean and the standard deviation for 𝑝𝑚𝑎𝑥, A-SEL and D-SEL for the different methods are shown
Figure 4-18. For the mean, for all the studied variables, the curves for the orders 3, 5, 7 and for the LHS
sampling are nearly the same. This means that the mean is already converged with the order 3. For the
standard deviation, order 3 seems insufficient, but order 5 is similar to order 7, and both of them are very
close to the curve obtained with LHS.
In conclusion, a quadrature order 𝑘 = 5 is chosen for the gPC method. It means that 36 quadrature points
are required to estimate the meta-model. Even though 36 FLHOWARD3D runs are requested by the gPC
method, it is much less than the 1000 ones requested by LHS method.
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Figure 4-18: Comparison of the mean (up) and the standard deviation (bottom) of the
maximum of pressure (left),A-SEL (middle), and D-SEL (right) in function of the propagation
distance for the gPC method with order 3, 5 and 7 and for the LHS method, for the N-wave
boom.

4.3.4 Impacts of turbulence parameters on the propagation of classic and low boom
signals
4.3.4.1

Impacts of magnitude and the characteristic length scale of the turbulence for a fixed random vector

This section presents the meta-model of the propagation in the atmosphere with 𝜎 and 𝐿0 variable and a
fixed random vector 𝑅 for the three different input signals described previously (N-wave, the F-18 boom
and the C25D boom). In Figure 4-19, different metrics according to the distance of propagation are
presented. For each one, the green curve corresponds to nominal parameters (𝜎 = 2 𝑚. 𝑠 −1 and 𝐿0 =
100 𝑚) the blue curve corresponds to the mean, the red shades is the probability density function.
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Figure 4-19: Mean (in blue), nominal propagation (𝝈 = 𝟐𝒎. 𝒔−𝟏 and 𝑳𝟎 = 𝟏𝟎𝟎 𝒎, in green)
and probability density function (in red) of the maximum of pressure, A-SEL, B-SEL and DSEL for the N-wave (left), the F-18 boom (middle) and the C25D boom (right) for random
vector 𝑹𝟏.
This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

84

D2.3 - Best practices for far field
propagation
Version 05
Depending on the distance of propagation, the mean propagation and the nominal propagation can be
different showing that the effects of the atmosphere on the propagation are not linear. Moreover, the
probability density function is not symmetric and sometimes the most probable values (dark shade) are
different from the nominal and mean ones.
Concerning the propagation, for the maximum of pressure 𝑝𝑚𝑎𝑥, a focusing can be seen around 200 m,
followed by a defocusing around 500 m and finally another focusing after 700 m. These effects are
particularly important for the N-wave, for which the mean of 𝑝𝑚𝑎𝑥 goes up to 44 Pa around 900 m. The
focusing is less visible for the F-18 boom, whose mean only attains 39 Pa at 900 m. Finally, the C25D boom
seems to be the least affected by the propagation, its value of the mean of 𝑝𝑚𝑎𝑥 is the lowest of the 3
booms, with a value of 35 Pa at 900 m. The first focusing is also nearly unnoticeable, with an increase of
only a few Pa. The probability density function shows that there are also differences in the uncertainty of
the variables. For the N-wave, it shows that for the last focusing, the values of 𝑝𝑚𝑎𝑥 can be between 30
and 60 Pa. This variability is large, and means that the propagation of the N-wave is difficult to predict,
and that large values of pressure can be obtained. For the F-18 boom, at the same distance, the values
are between 30 and 45 Pa. This boom is more predictable. Finally, for the C25D boom, the variability is
the lowest between around 28 and 37 Pa. This boom is the most predictable of the 3, and should not
attain too high values of pressure.
For the metric 𝐴 − 𝑆𝐸𝐿, as seen before, the initial value is different for the 3 booms: it is higher for the
N-wave, with a value of 78 dBA. Then the F-18 boom has a value of 68 dBA, and the C25D boom has a
value of 63 Pa. The propagation seems to have more focusing than the previous one, with supplementary
focusing at 100 m and 400 m. Except for the shift caused by the initial value, the 3 booms have evolution
of 𝐴 − 𝑆𝐸𝐿 more comparable between them than for the evolution of pmax. For the focusing at 200 m,
the value of the mean of 𝐴 − 𝑆𝐸𝐿 for the N-wave is 4 dBA higher than the initial value. For the F-18 boom
and the C25D boom, this value is 3 dBA higher. The difference between classic boom and low-booms is
still visible, but it is weaker, and the two low-booms are very close At their lowest, around 500 m, the
value of the mean of 𝐴 − 𝑆𝐸𝐿 is 5.7 dBA lower than the initial value for the N-wave, 4.4 dBA lower for the
F-18 boom and 4.7 lower for the C25D boom. The decrease is a bit higher for the N-wave, and nearly the
same for the two low-booms. This shows that for 𝐴 − 𝑆𝐸𝐿, the propagation of the classic boom has more
variations than for low-booms, and these low-booms are comparable. The probability density function
seems to have comparable width for the 3 booms.
For the metric 𝐵 − 𝑆𝐸𝐿, the observations are comparable to the 𝐴 − 𝑆𝐸𝐿 metric. At 200 m, the value of
the mean of 𝐵 − 𝑆𝐸𝐿 is 3 dBB higher than the initial value for the N-wave, and 1.6 dBB higher for the lowbooms. In this case, the small focusing at 100 m is only visible for the N-wave. At their lowest around 500
m, the value of the mean of 𝐵 − 𝑆𝐸𝐿 is 4 dBB lower than the initial value for the N-wave, and 3 dBB lower
for the low-booms. As for 𝐴 − 𝑆𝐸𝐿, there are a few differences between the classic boom and the lowbooms. The classic boom has more variations, the 2 low-booms have nearly the same propagation (except
for the lift caused by the initial value), and the probability density function seems a bit larger for the classic
boom.
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For 𝐷 − 𝑆𝐸𝐿, more differences can be seen between the 3 booms than for 𝐴 − 𝑆𝐸𝐿 and 𝐵 − 𝑆𝐸𝐿.
Focusing can be seen at 100 m and 400 m for the N-wave, but not for the F-18 boom and the C25D boom.
For the focusing at 200 m, the value of the mean of 𝐷 − 𝑆𝐸𝐿 is 2.7 dBD higher than the initial value for
the N-Wave, 1.1 dBD higher for the F-18 boom, and 0.8 dBD higher for the C25D boom. at their lowest
around 500 m, the value of the mean of 𝐷 − 𝑆𝐸𝐿 is 3.3 dBD lower than the initial value for the N-wave,
2.5 dBD lower than the initial value for the F-18 boom and 1.4 dBD lower than the initial value for the
C25D boom. At their highest value, the mean of 𝐷 − 𝑆𝐸𝐿 is 4.5 dBD higher than the initial value for the
N-wave, 4.1 dBD higher for the F-18 boom and 3.5 dBD higher for the C25D boom. For the metric 𝐷 −
𝑆𝐸𝐿, there is more variability for the N-wave than for the low-booms, and between the low-booms, there
is more variability for the F-18 boom. The probability density function follows the same trend, it seems to
be the largest for the N-wave, and the lowest for the C25D boom.
It is interesting to come back to the waveform of the signals on the ground in order to see the effects of
wind fluctuations. Analysis of the meta-model shows that there exist regions where the mean, the
nominal and the most probable values for a given metric are very close (for instance at x=400m) or with
large variations (for instance at x=843m). Figure 4-20, Figure 4-21 and Figure 4-22 show the waveforms
on the ground after propagation at x=400m and x=843m for 3 couples of values (𝜎, 𝐿0 ) corresponding to
the values given the extremal values of the pressure for the N-wave at these distances. As predicted by
the meta-model, waveforms are very close at x=400m and have significant differences at x=843m. The
differences are mainly concentrated around the shocks. Indeed, the overall waveform is quite similar but
we can observe that the level of the shocks can be significantly different: for (𝜎 = 1.06𝑚/𝑠, 𝐿0 = 53𝑚)
the waveform looks like the classic N-wave while for (𝜎 = 2𝑚/𝑠, 𝐿0 = 100𝑚) and (𝜎 = 2.94𝑚/𝑠, 𝐿0 =
147𝑚) the shape is more a U-wave with an amplification close to 1.6. Of course it is important to note
that only increasing values of (𝜎, 𝐿0 ) are not sufficient to explain the amplification.
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Figure 4-20: Waveforms for the N-wave at the ground for different values of the uncertain
parameters at x=400m (left) and x=843m (right)

Figure 4-21: Waveforms for the F18 boom at the ground for different values of the uncertain
parameters at x=400m (left) and x=843m (right)

This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

87

D2.3 - Best practices for far field
propagation
Version 05

Figure 4-22: Waveforms for the C25D boom at the ground for different values of the
uncertain parameters at x=400m (left) and x=843m (right)
Figure 4-23, Figure 4-24 and Figure 4-25 present maps of 𝑝𝑚𝑎𝑥(𝜎, 𝐿0 ) for the 3 sonic booms at different
distances. The variations of pmax at each distance are coherent with the curves of Figure 4-19: there are
only small variations of the maximal pressure at x=400 m, moderate variations for the N-wave at x=207 m
and strong variations at x=843 m, especially for the N-wave. For a given signal, the maps are different for
each distance: a couple of parameters (𝜎, 𝐿0 ) which gives the higher pressure at a distance won’t do the
same at another distance. Nevertheless, all these maps have a general tendency of increasing the pressure
with the level of turbulence 𝜎. There are exceptions, but globally, the low pressures correspond to small
𝜎 and the high pressure to high 𝜎. At the same distance, with different signals, the maps are close to each
other, except that the N-wave which shows higher values and variations, as seen before.

Figure 4-23: Response surfaces of pmax in function of 𝝈 and 𝑳𝟎 , calculated using the gPC
model, at different distances, for the N-wave.
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Figure 4-24: Response surfaces of pmax in function of 𝝈 and 𝑳𝟎 , calculated using the gPC
model, at different distances, for the F-18 boom.

Figure 4-25: Response surfaces of pmax in function of 𝝈 and 𝑳𝟎 , calculated using the gPC
model, at different distances, for the C25D boom.
In conclusion, for each variable, the classic boom presents higher variability and uncertainty than the lowbooms, and can attain higher values. The low-booms have similar propagation for the A-SEL and B-SEL
metrics (with the exception of the initial shift), and for 𝑝𝑚𝑎𝑥 and the metric D-SEL, the F-18 boom has
more variability and uncertainty than the C25D boom.
4.3.4.2

Sensitivity of the propagation to the turbulence magnitude and to the characteristic length

The stochastic study is done with the parameters 𝜎 and 𝐿0 as variables. How each of these parameters
contribute to the propagation can be determined by a sensitivity analysis. It consists in studying how the
uncertainty in the output of a mathematical model or system can be divided or allocated to different
sources of uncertainty in its inputs. The method used is the variance-based sensitivity analysis (Sobol
method) [60]. It decomposes the variance of the output of the model in fraction which can be attributed
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to inputs or sets of inputs. In this case, the variance of the output (which can be 𝑝𝑚𝑎𝑥, 𝐴 − 𝑆𝐸𝐿, 𝐵 −
𝑆𝐸𝐿, 𝐷 − 𝑆𝐸𝐿 or 𝑃𝐿𝑑𝐵) is decomposed and attributed to 𝜎, 𝐿0 or to the interaction of the 2.
The sensitivity of the propagation of the C25D boom in the first atmosphere to the two input parameters
𝜎 and 𝐿0 , for 𝑝𝑚𝑎𝑥, 𝐴 − 𝑆𝐸𝐿, 𝐵 − 𝑆𝐸𝐿, and 𝐷 − 𝑆𝐸𝐿 is shown in Figure 4-26. The blue curve is the
fraction of the variance caused by 𝜎, the red curve is the fraction caused by 𝐿0 and the violet curve is the
fraction caused by the interaction of the 2. For 𝑝𝑚𝑎𝑥, the influence of 𝜎 is predominant until 300 m,
between 400 m and 500 m, between 550 m and 650 m, and after 750 m, and the influence of 𝐿0 is
predominant between 300 m and 400 m, 500 m and 550 m and 650 m and 750 m. For 𝐴 − 𝑆𝐸𝐿, 𝜎 is
predominant nearly everywhere, except at 300 m and 500 m. For 𝐵 − 𝑆𝐸𝐿, 𝜎 is predominant nearly
everywhere, except at 300 m (and at the beginning where the propagation is nearly deterministic, it does
not mean that 𝐿0 really has an influence). Finally, for 𝐷 − 𝑆𝐸𝐿, 𝜎 is predominant nearly everywhere,
except at 300 m and 700 m. The interaction between 𝜎 and 𝐿0 is always low, but globally not negligible.
𝐿0 is predominant when 𝜎 is not.
The variations of the maximum of pressure and of the metrics are mostly due to the amplitude 𝜎.
However, at some distances (principally 300 m, 500 m and 700 m) the propagation becomes more
sensitive to 𝐿0 . Thus, even if 𝜎 has more influence on the variations, the two parameters have to be taken
into account to reflect the complexity of the propagation. This study has been made on the N-wave and
the F-18 boom with similar results.
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Figure 4-26: Sensitivity, in terms of partial variances, of 𝒑𝒎𝒂𝒙 (upper left), 𝑨 − 𝑺𝑬𝑳 (upper
right), 𝑩 − 𝑺𝑬𝑳 (lower left) and 𝑫 − 𝑺𝑬𝑳 (lower right) to the parameters 𝝈 (blue), 𝑳𝟎 (red) and
to the coupling of 𝝈 and 𝑳𝟎 (purple) in function of the propagation distance for the C25D
boom, for 1 realization of 𝑹.
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4.3.4.3

Influence of the random vector

The previous observations are based on a study with the same realization of the random vector 𝑅, with 𝜎
and 𝐿0 variables. This means that to confirm the results, there is a need to study the propagation with
other random vectors 𝑅. The previous gPC analysis has been done for 50 different atmospheres (50
random vectors 𝑅) and for the three input signals described previously. For each study, the signals on the
ground have been computed, extracted and collected to make a database with 50x3x36= 5400 signals at
256 different distances (ranging from 0 km to 1 km) so the database contains 1382400 waveforms.

Figure 4-27 shows the evolution of the mean, the nominal and the pdf values of different metrics
depending on the distance of propagation. This figure is similar to Figure 4-19 but it has plotted for a
different random vector (referenced as 𝑅2). As previously, depending on the distance of propagation, the
mean propagation and the nominal propagation can be different showing the importance of the
parameters 𝜎 and 𝐿0 and the interest to consider them as uncertain. Nevertheless, we can also see that
the regions of amplification and the regions where the amplitude drops are different from Figure 4-19.
Here the focusing is important at x=400m and the main defocusing zone is located at x=600m. Therefore,
the role of the random vector is major and it is responsible for the global shape and in particular for the
position of focus areas. Common tendencies are also visible between Figure 4-19 and Figure 4-27 : (i) at
the beginning all curves are close together showing that there is no effect of the variations of 𝜎, 𝐿0 , (ii)
the width of the possible events increase with the distance of propagation showing that the importance
of the turbulent fluctuations on the propagation is cumulative.
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Figure 4-27: Mean (in blue), nominal propagation (𝝈 = 𝟐𝒎. 𝒔−𝟏 and 𝑳𝟎 = 𝟏𝟎𝟎 𝒎, in green) and
probability density function (in red) of the maximum of pressure, 𝑨 − 𝑺𝑬𝑳, 𝑩 − 𝑺𝑬𝑳 and 𝑫 −
𝑺𝑬𝑳 for the N-wave (left), the F-18 boom (middle) and the C25D boom (right) for the random
vector 𝑹𝟐.
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On Figure 4-28, Figure 4-29 and Figure 4-30, the waveforms of the three booms with different couples of
parameters (𝜎, 𝐿0 ) at 400 m and their spectrum at the same distance are traced. As seen before, the
waveforms show that there are more variations for the N-wave than the low-booms. The spectra also
have some differences with each other, especially for the N-wave, which means that the signals are
significantly perturbed by the variations of the turbulence parameters.

Figure 4-28: Waveforms for the N-wave at the ground for different values of the uncertain
parameters at x=400m (left) and spectra of these waveforms at the same distance (right), for
the propagation in the atmosphere computed with 𝑹𝟐.
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Figure 4-29: Waveforms for the F-18 boom at the ground for different values of the uncertain
parameters at x=400m (left) and spectra of these waveforms at the same distance (right), for
the propagation in the atmosphere computed with 𝑹𝟐.

Figure 4-30: Waveforms for the C25D boom at the ground for different values of the
uncertain parameters at x=400m (left) and spectra of these waveforms at the same distance
(right), for the propagation in the atmosphere computed with 𝑹𝟐.
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In conclusion, the parameter with the most influence on the variations of the propagation is the random
vector 𝑅, which determines the position of the focusing and defocusing. However 𝜎 and 𝐿0 still have an
important impact on the propagation, and should not be neglected.
4.3.4.4

Sensitivity of the propagation to the turbulence magnitude and to the characteristic length for the
50 random vectors

The average of the sensitivity has been calculated for the 50 random vectors in order to evaluate the
influence of physical parameters. The result for the output variable 𝑝𝑚𝑎𝑥 is shown in Figure 4-31. It can
be seen that the variance is still mainly caused by 𝜎 along the propagation, but there is still 25% that is
caused by 𝐿0 , and the coupling increases with the propagation distance. this confirm the preceding results
and show that, while 𝜎 has the most influence on the propagation, 𝐿0 has to be considered to reflect the
complexity of the propagation.

Figure 4-31: Mean sensitivity, in terms of partial variances, of 𝒑𝒎𝒂𝒙 (for 50 realization of 𝑹,
for the C25D boom, in function of the propagation distance.
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4.3.4.5 Influence of the distance of propagation
As already mentioned, results are sensitive to the distance of propagation. This effect has been
attributed to the randomness of the turbulent fluctuations and not to the uncertainties on the physical
parameters of the turbulence. In this section, we are interested in the evolution of the standard
deviation of the different metrics depending on the distance of propagation. Mean standard deviations
for the 3 booms are plotted on Figure 4.32 for 𝑝𝑚𝑎𝑥, on Figure 4.33 for the PLdB and on Figure 4.34 for
D-SEL.
Figure 4.32 shows that for each of the 3 studied booms, the standard deviation of pmax increases with
the propagation distance. This means that, as seen previously, the importance of the turbulent
fluctuations on the propagation is cumulative. Furthermore, the increase is more important for the Nwave, which is in agreement with previous results: The N-wave is more affected by the propagation than
the low-booms. The increase is globally linear, especially for the two low-booms. The same tendencies
are found on Figure 4.34, where the increase of the standard deviation of D-SEL is faster for the N-wave
(1.6 dB/km) than the F-18 boom (1.2 dB/km) and the C25D boom (1 dB/km). However, on Figure 4.33,
the increase of the standard deviation of the PLdB is the same for the 3 booms, which shows that all
metrics are not affected in the same way by the wind fluctuations: While D-SEL shows a lot of
differences between the 3 booms, the PLdB has the same behavior, regardless of the propagated boom.

Figure 4.32: Mean of the 50 standard deviations of the maximum of pressure in function of
the propagation distance for the N-wave, the F-18 boom and the C25D boom, and linear
regressions of these standard deviations.
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Figure 4.33: Mean of the 50 standard deviations of the PLdB in function of the propagation
distance for the N-wave, the F-18 boom and the C25D boom and linear regressions of these
standard deviations.

Figure 4.34: Mean of the 50 standard deviations of D-SEL in function of the propagation
distance for the N-wave, the F-18 boom and the C25D boom and linear regressions of these
standard deviations.
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4.3.5 Conclusions
In order to quantify the effects of the turbulent wind fluctuations on the propagation of sonic booms, a
forward propagation of uncertainty has been coupled with a statistical analysis. The turbulent wind
fluctuations are generated using synthetic turbulence with a von Kármán energy spectrum. The
magnitude of the turbulence and the characteristic length scale are the two physical parameters
controlling this description of the atmosphere, they are considered uncertain variables, while a random
vector is associated with the inherent randomness of the turbulence. For a fixed random vector, a
generalized polynomials chaos method is used to obtain a meta-model of the pressure field at the ground.
This meta-model allows to access to the pressure at the ground for all values of 𝜎 and 𝐿0 but also to its
statistical moments (mean, standard deviation) and to its probability density function. The assumption
that parameters 𝜎 and 𝐿0 are uncertain is valid since the relationship between these parameters and the
propagation is not linear: we observe distances where results are not sensitive to the values 𝜎 and 𝐿0 but
also regions where the sensitivity is important. Both 𝜎 and 𝐿0 have influence on the propagation. The
effects of 𝜎 and 𝐿0 are located near the shocks while the global randomness (vector 𝑅) changes the global
waveform. We observe that the standard deviation increases with the distance (cumulative effects) and
this result depends on the waveforms (the N-wave is more sensitive than the low-booms) and also on the
metrics. This study paves the way to a full 3D study. Other effects such as thermal turbulence and largescale gradient could be added to the propagation model to have more realistic propagation.
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5 Preliminary study of sonic boom reflection
in an urban geometry
5.1 Introduction
This section presents a preliminary investigation of sonic boom propagation above an urban environment.
It is an extension of the study on topography effects in Sec. 3.
There is a vast literature on the interaction between sonic boom and buildings, but it is mostly concerned
with vibro-acoustics and building response to an incident boom for transmission problems. Concerning
the modification of the sonic boom incident on the building by the building itself and the surrounding
environment, the literature is scarce. One can note the analytical study done by Ting and Pan [61]. It aims
at predicting the boom signature on a 2D rectangular building and at giving some insight on a 3D
rectangular building. Experiments at the laboratory scale have also been performed. In [62], a spark
source was employed to generate weak shock and a Schlieren technique and microphone measurements
were used to study the sonic boom propagation in the vicinity of an isolated building for several
geometries. In [28], the incident sonic boom was generated using supersonic projectiles in a ballistic range
and shadowgraph and microphone measurements were performed. Among the geometries studied, an
isolated rectangular building as well as two rectangular buildings were considered. The amplification
factor, relative to the incident boom, was investigated. More recently, Cho and Sparrow [63] have
investigated the modification of the sonic boom signature due to an isolated building. In particular, they
showed that on the incident side of a building, the pressure waveform exhibits an additional spike of large
amplitude after the front shock. This property was observed in experiments and found in 2D simulations
that solve the wave equation. They also indicated that this amplification was reduced for a low boom
wave. Riegel and Sparrow [64] evaluated the use of a combined radiosity/ray-tracing approach for
prediction of sonic boom propagation around buildings and investigate the effects of geometric details of
the buildings and of the absorption and diffusion of the facade. They conclude that the account for the
detailed geometry of the building and absorption of the façade may play a role on the sonic boom
signature but that diffuse reflection can be neglected. In these two studies, comparisons with flight test
data have been performed. As indicated in [16], these works on sonic boom interaction with buildings
have been mostly concerned with individual structures. A detailed analysis of sonic boom propagation in
an urban environment thus remains to be addressed.
The objectives in this section are to investigate how the sonic boom signature is modified in an urban
environment. For this, numerical simulations based on the Euler equations are performed. Three
geometries of urban profile are examined: an isolated building, a periodic urban section and a generic
urban section.
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First, the numerical methods are summarized and the three geometries studied are introduced. Then,
results for an isolated building, for a periodic urban profile and for a generic urban profile are successively
presented. Finally, concluding remarks are given.

5.2 Methods
5.2.1 Numerical methods
The numerical methods are the same than those presented in Sec. 3.2. The two-dimensional Euler
equations are solved using high-order finite-difference schemes.
The ground is flat and the building shape is rectangular. This allows the use of a Cartesian mesh. The
building walls are set on mesh lines.
The ground and the building walls are perfectly reflecting; the wall normal velocity is thus set to zero,
except at the building corners on which both components of the velocity are null. The other boundary
conditions are the same than in Sec. 3.2.

5.2.2 Presentation of the cases studied
Three configurations (see Fig.5-1) are considered:
 an isolated building of width 𝑊𝑏 = 20 m and of heights 𝐻𝑏 = 10, 20, 30 and 40 m.
 a periodic distribution of buildings of width 𝑊𝑏 = 20 m and height 𝐻𝑏 = 10 m and with street widths
𝑊𝑆 = 10, 20 and 30 m.
 a distribution of buildings with widths and heights randomly chosen between 10 and 20 m and street
widths randomly chosen between 10 and 15 m. A uniform distribution is used for each random
variable.
b)

a)

c)

Figure 5-1: Representation of the three geometries studied: a) an isolated building, b) a
periodic urban section and c) a generic urban section

The atmosphere is homogeneous and at rest. The study is performed for the C25D low-boom wave (see
Sec.3.2.1). The moving frame has a width of 800 m and a height of 400 m. In accordance with Sec.3.2.3,
the mesh size is set to 0.1 m to have converged values of the metrics, yielding a total number of grid points
equal to 32 million.
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5.3 Results
5.3.1 Isolated building
Sonic boom propagation above an isolated building is first considered. Fig. 5-2 shows the pressure
contours at different instants in time for a building height of 40 m. In a), the incident and the reflected
boom are approaching the building. The incident boom is then diffracted at the top corner of the building
in b). In c), the reflected boom reaches the building and a high pressure zone near the bottom corner of
the building can be seen. In d) and e), the reflected boom is itself reflected at the front façade of the
building and this contribution propagates backwards. Finally, in f), it can be seen that the reflection
pattern at the ground behind the building is almost identical to that observed in a) and the building should
have a limited impact on the acoustic field in this region.
a)

b)

c)

d)

e)

f)

Figure 5-2: Pressure contours at several instants in time for the sonic boom propagation over
a building with a height of 40 m. The colour scale is between -50 and 50 Pa
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a)

b)

c)

d)

e)

f)

Figure 5-3: Waveforms at six locations along an isolated building for two building heights.
The location at which the waveform is recorded is indicated by a red dot on the building
profile.
Fig. 5-3 shows the waveforms at six particular points on the ground and on the building:
 a): Ahead of the building, the waveform is composed of the incident and reflected boom as well as
the reflected contribution by the building.
 b): At the front corner, only one contribution is seen. It has the maximal amplitude, almost equal to
64 Pa for 𝐻𝑏 = 10 m and 78 Pa for 𝐻𝑏 = 40 m. Note that the value of 78 Pa corresponds to
amplification by a factor of four of the incident boom, which is predicted by geometrical acoustics.
 c) and d): At the building top, the waveform is composed of two contributions of equal amplitude.
The first one is the direct boom and the second one is the reflected boom at the ground that reaches
the building top with a delay. The delay increases with the building height.
 e): The back corner is in the shadow zone. Consequently, the amplitude of the waveforms is reduced.
The higher the building, the smaller the amplitude, as the back corner is located more deeply in the
shadow zone. In addition, the waveforms appear rounded, because of the attenuation of the highfrequency contents.
 f): At the point at the back of the building, the presence of the building becomes negligible for 𝐻𝑏 =
10 m as the waveform is similar to the one obtained on a flat ground. For 𝐻𝑏 = 40 m, the point is
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still in the shadow zone, due to the larger height of the building, and the waveform amplitude
remains reduced.
a)

b)

c)

d)

Figure 5-4: Evolution of the metrics PL and ISBAP (relative to the flat ground case) along an
isolated building of height a) 10 m, b) 20 m, c) 30 m and d) 40 m.
The evolution of the metrics PL and ISBAP is shown as a function of the curvilinear abscissa along the
building profile 𝑠 in Fig. 5-4 for four building heights (10, 20, 30 and 40 m). The behavior is similar for the
four cases. Far from the building (for a distance approximately equal to the building height), the metrics
are equal to the value without building. The metrics then increase as one approaches the building. Their
maximal value is obtained at the front bottom corner, with an increase between 7 and 8 dB depending on
the building height. The metrics are almost constant on the front facade, with an increase between 2 and
3 dB. For 𝐻𝑏 = 30 and 40 m, a secondary peak of amplitude +5 dB is observed near the middle of the
facade. At the building top, the metrics are constant and approximately equal to the values for a flat
ground. The metrics then sharply decrease on the back façade from the back top corner. The minimum is
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obtained at the back bottom corner. It can be noticed that the PL metric takes smaller values than the
ISBAP metric in the shadow zone. Finally, as one recedes from the building, the metrics slowly increase to
get back to their values for a flat ground.
a)

b)

Figure 5-5: Comparison of the evolution of a) PL and b) ISBAP metrics along an isolated
building for several heights.
A comparison of the metrics evolution for the four building heights is shown in Fig. 5-5. The similarity of
the results for the different building heights is clearly noticed. As noted in Fig. 5-4, It is found that
increasing the building height leads to an increase of the zone size in front of the building where the
metrics are increased by 3 dB. In addition, increasing the building height leads also to an extension of the
shadow zone behind the building. Therefore, the minimum of the metrics decrease with the building
height.
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5.3.2 Periodic urban section
Simulations are now performed for a periodic distribution of buildings. The building height and width are
kept the same than In Sec.5.3.1. Three street widths, namely 10, 20 and 30 m, are considered.
a)

b)

c)

Figure 5-6: Waveforms in the street canyons for street widths of a) 𝑾𝑺 = 𝟏𝟎 m, b) 𝑾𝑺 = 𝟐𝟎 m
and c) 𝑾𝑺 = 𝟑𝟎 m. The colour of the waveform corresponds to the location at which it has
been recorded, indicated by a dot on the urban profile.
The waveforms on the ground in the street canyon are shown in Fig.5-6 for the three street widths.
Compared to the isolated building, the main difference is the presence of additional contributions (after
a reduced time of 0.3 s) due to the multiple reflections inside the street canyon. These additional
contributions appear mostly as oscillations with a particular period. For the street width of 20 m, the
period is about 0.1 s, corresponding to a wavelength in the order of 40 m. Besides, these oscillations are
almost absent at the middle of the street canyon. Thus, the oscillations can be due to the fundamental
mode (𝜆 = 2𝑊𝑠 ) inside the street canyon. Similarly, for the street canyon width of 30 m, the main period
of the oscillations is about 0.08 s, corresponding to a wavelength in the order of 30 m. An additional
investigation shows that the amplitude of these oscillations is almost zero at the quarter and third quarter
of the street width. Therefore, the oscillations seem to be related to the second mode (𝜆 = 𝑊𝑠 ) inside the
street canyon. Finally, for the street width of 10 m, the period is about 0.15 s, which yields a wavelength
of about 60 m. The oscillations therefore do not correspond to a mode inside the street canyon but may
be related to a mode associated to the whole pattern (building + street canyon) that has a length of 30 m.
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Figure 5-7: Waveforms at the fourth corners of a building for regularly spaced buildings
and for four street widths. The location at which the waveform is recorded is indicated by
a red dot on the building profile.
Fig.5-7 shows the waveforms for the three street widths and for the isolated building at the fourth corners
of a building. As indicated above, the waveforms for regularly spaced buildings are very similar to those
for an isolated building with additional oscillations due to modes of the street canyon and/or the building
pattern. This is in particular the case for 𝑊𝑆 = 30 m, for which the waveforms are superimposed on those
for the isolated building up to a reduced time of 0.3 s. For 𝑊𝑆 = 10 and 20 m, the first contribution is
slightly modified. Thus, the front bottom corner is in the shadow zone for 𝑊𝑆 = 10 m, which yields a
small reduction of the maximal pressure amplitude: 51 Pa instead of 64 Pa for the isolated building. At
the back bottom corner, the maximal pressure amplitude is at the contrary increased with a value of 38
Pa against 30 Pa for the isolated building.
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a)

b)

Figure 5-8: Evolution of the metrics a) PL and b) ISBAP (relative to the flat ground case) along
the ground and the building for regularly spaced buildings with four different street widths

Fig.5-8 shows the evolution of the PL and ISBAP metrics as a function of the curvilinear abscissa along the
urban profile for a period of the building pattern. For comparison, the evolution of the PL and ISBAP
metrics for an isolated building is also plotted. The main difference compared to the isolated building is
the large increase of the metrics at the back of the building. Thus, compared to the flat ground case, the
PL is reduced at most by 15 dB for an isolated building but only by 8 dB for regularly spaced buildings with
𝑊𝑆 = 20 and 30 m and by 4 dB for 𝑊𝑆 = 10 m. Note also the peak in the metrics at the back bottom
corner. At the front of the building, the evolution of the metrics for regularly spaced buildings is very
similar to that for an isolated building. A small reduction of the metrics is observed for 𝑊𝑆 = 10 m, related
to the reduction of the maximal amplitude observed in Fig.5-7.
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5.3.3 Generic urban section
This section is devoted to sonic boom propagation over a generic urban profile.

Figure 5-9: Examples of waveforms in a street canyon for the generic urban profile. The
colour of the waveform corresponds to the location at which it has been recorded, indicated
by a dot on the urban profile
Some examples of waveforms are first provided. Fig. 5-9 shows waveforms obtained in a street canyon.
Similarly to the waveform obtained for a periodic urban profile (see Fig. 5-6), they are composed of first
contributions with the largest amplitude and of subsequent oscillations. In this case, the amplitude of the
oscillations decays with height along the facades and is almost zero at the center of the street canyon.
The period of the oscillations is 0.09 s corresponding to a wavelength of 30 m. As the street canyon is 15
min wide, the oscillations can be attributed to the fundamental mode of the street canyon.

Figure 5-10: Examples of waveforms at the back bottom corner for the generic urban profile.
The location at which the waveform is recorded is indicated by a red dot on the building
profile.
Examples of waveforms at the back bottom corner are depicted in Fig.5-10. The variability of the
waveforms can be appreciated. In particular, the maximal amplitude can vary by a factor of two. The shape
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of the waveform can also be significantly different. For instance, in Fig.5-10, the signal energy on the left
is mainly concentrated for reduced time between 0.1 and 0.3 s, while for the signal on the middle, the
contributions observed at reduced times of 0.4 and 0.6 s have the same amplitude than the first
contribution.

Figure 5-11: Evolution of the PL and ISBAP metrics (relative to the flat ground case) along the
urban profile
The evolution of the PL and ISBAP metric along the urban profile is shown in Fig. 5-11. First, it is seen that
the PL and ISBAP metrics relative to their values for the flat ground are between -6 and +6 dB and that
they have the same evolution. The variation of the metrics along the generic urban profile follows closely
what has been noticed for an isolated building and for a periodic urban profile. Thus, the maximal values
are obtained at the front bottom corner. In addition, the values at the building tops are almost equal to
those for a flat ground. At the back bottom corner, the metrics are generally smaller than for a flat ground,
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except for particular cases (𝑥 = 149 m, for instance) for which an increase of the metrics can be observed.
Finally, a large variability is observed in the street canyons.

a)

b)

Figure 5-12: a) Histogram of the PL and ISBAP metrics (relative to the flat ground case) along
the generic urban profile and b) corresponding cumulative distribution function
In order to extract statistical information on the metrics, a histogram has been computed from the values
on the urban profile and is shown in Fig.5-12. It is noticed that it is similar for both metrics. While it has
an overall Gaussian shape, the histogram is slightly skewed. In addition, the cumulative distribution
function is also plotted in Fig.5-12. It shows that the metrics for the urban profile are reduced in 40 % of
cases and increased in 60% of cases and that the median is +0.4 dB. The values are almost entirely
between -3 and +3 dB. Thus, only 3% of the ISBAP values and less than 2% of the PL values are larger than
3 dB. Similarly, 8% of the ISBAP values and 10% of the PL values are below -3 dB.
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5.4 Conclusions and outlook
A preliminary study on sonic boom reflection in an urban environment has been conducted. For this, the
2D Euler equations have been solved using numerical simulations. The input sonic boom wave was the
low-boom C25D wave. Three configurations have been studied. The first one corresponds to an isolated
building. It has been shown that the metrics gradually increase as one approaches the building by at most
3 dB compared to the flat ground case in a zone of length approximately equal to the building height. The
maximum increase of the metrics was observed at the front bottom corner, with +8 dB. Along the front
facade, the metrics increase by 3 dB. Along the top of the building, the metrics are equal to their value for
a flat ground. Finally, due to a shadow zone, the metrics strongly decrease along the back façade to reach
a minimum at the back bottom corner. This minimum decreases with the building height. The metrics
then progressively returns to their value for a flat ground. The second configuration investigated
corresponds to a periodic urban profile. Compared to an isolated profile, the main difference is the
presence of resonances related to the street canyon and/or the entire building pattern, which causes
oscillations of the waveforms. Consequently, the metrics in the back of the building are largely increased
compared to an isolated building. Finally, the third configuration involves a generic urban profile, which
has been generated using random distributions of building heights and widths and street widths. A
statistical study has been performed. The metrics relative to the flat ground case takes values almost
entirely between -3 and 3 dB. The median is about 0.4 dB. Increase larger than 3 dB happens in less than
3% of cases.
There are several perspectives to this work. Firstly, the study was restricted to a low-boom wave. It would
be interesting to consider a conventional N-wave and to investigate possible differences in the results.
Besides, the study for the generic urban profile has been performed for a single set of parameters. It
would be worthwhile to consider other sets of parameters. In addition, these parameters could also be
extracted from real urban profiles. Furthermore, the building geometry in this study was simple as we
only consider rectangular buildings. The effects of complex facade or roof geometries could also be
accounted for. Moreover, the atmosphere was assumed to be homogeneous and at rest. Meteorological
effects could be included. Finally, the study can be extended to three-dimensional geometries.
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