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Abstract

To assess hearing load during handgun shooting, sev-
eral factors must be considered, including the firearm,
ammunition, hearing protection, and environment. Re-
flections from nearby surfaces are especially important
alongside direct sound. Designing low-exposure shoot-
ing ranges therefore requires realistic gunshot simula-
tions. Simulation quality depends on accurate source
models, sound propagation, reflections and diffraction.
In this study, the Chaser software with the ANX[1] source
model and nonlinear propagation was used. Reflections
were modeled with measured angle-dependent parame-
ters and diffraction with UDFA[2]. The resulting sound
signals were evaluated using hearing damage models such
as AHAAHJ3]. Validation was done by comparing simu-
lations with real gunshot recordings from open and en-
closed shooting ranges.

Previous studies

In 2025, two studies on the frequency and angular depen-
dence of gunshots near the muzzle were presented. For
this purpose, the direct sound components of synthesized
and measured gunshots were compared on a circle with
a radius of 10m and an angular resolution of 10°. In the
first paper[4], it was demonstrated that, using a Weber
blast model[5] and directivity obtained via a two-stage
cosine transformation, the hearing load at a muzzle dis-
tance of 10 m can be realistically predicted. In the second
paper[6], the ANX[1] was considered as the source model,
and a cosine transformation was also used as the direc-
tivity. By taking into account the nonlinear sound prop-
agation of this source model, the hearing load could be
realistically mapped not only at the measurement points
on the 10m circle but also at closer reference points.

ANX Source Model

This model was presented in 2024 by Salomons[1] un-
der the title: Analytical model for sound of explosives
and firearms (ANX). It is based on a Friedlander blast[7]
illustrated in Figure 1, which has two characteristic pa-
rameters: the peak sound pressure P and the positive
transit time 7'.

The distinctive feature of the ANX model is nonlinear
sound propagation. In this context, the peak sound pres-
sure P(r) and the duration of the positive N-wave flank
T(r) are distance-dependent quantities determined by
Equations (3) and (4). As T'(r) increases, the spectral
energy shifts to lower frequencies. This causes a result,
the blast becomes lower in frequency as the distance from
the muzzle increases. Using r,, the energy is converted
into a radius according to Equation (2).

overpressure

time 57

Figure 1: Friedlander waveform, with peak sound pressure
P and positive N-wave flank T'[1]
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Table 1: Relevant constants and reference values

T(r) = K= /n(-=) (4)

Tx

P(r)=

K | 8 P c to Po
0.38 | 1.2 | 1.2k9/m? | 340m/s | 1s | 20pPa
Directivity

To account for the directional dependence of a shot,
an angle-dependent source energy E(¢) is determined.
Using the coefficients of the rifle considered here from
Table 2, the angle-dependent source energy can be de-
termined via the cosine transform according to Equa-
tion (5).

Table 2: Coefficients for determining the direction-
dependent source energy of a rifle muzzle blast using the 5th
order cosine transformation

Index 4 1 2 3 4 5
ci/J 2521 1908 557 79 52
N
E(¢) = ci-cos(¢-(i—1)) (5)
i=1

Sound Propagation Calculation

The software tool Chaser, a mirror-source method, was
used to calculate sound propagation. The points on sur-
faces used to calculate reflection and on edges used to
determine diffraction components are determined based
on the IEM Image Edge Model[8]. Reflections at surfaces
are considered both frequency-dependent and broad-
band based on reflection classes according to [9, 10].



For frequency-dependent analysis, third-octave band-
dependent reflection parameters measured in situ using
near-field holography or DIN EN 1793-5 are used.

The UDFA Universal Diffraction Filter Approximation|2]
models the diffraction components. In this model, cutoff
frequencies and gain factors are determined from the geo-
metric parameters of the edge as well as the incident and
exit angles of the sound paths. A low-pass filter then
uses these coefficients to form the frequency-dependent
transfer function.

Facilities and microphone positions

This article examines three shooting range scenarios.
The simplest is an open-field setup, where only a gravel
surface reflects sound. There are no diffraction paths, so
only the direct sound and ground reflection contribute.

shooter position

Figure 2: Model of the indoor shooting range with the ceiling
hidden

The second scenario is an indoor range about 32 m long,
8 m wide, and 2.8m to 3.3m high. A sloped bullet trap
at the front prevents first-order reflections from reaching
the shooter. Due to a ramp, the ceiling height at the
rear is reduced by about 0.5m. Walls and ceiling are
acoustically treated, and the floor is largely soundproof.
The shooter is positioned in the front central area.

shooter position

Figure 3: Model of the target area with the ceiling and side
wall hidden

The third scenario examines a target area. This facility
is 50m long and 20 m wide, with a sloped bullet trap at
the front and an open rear leading to the standing area.
Joists span the width beneath the 5m ceiling at regu-
lar intervals, reducing the clear height to 3.5m. Walls,
ceiling, and partitions are acoustically treated, while the

ground is gravel. The shooter is positioned in the front
central area below a joist.
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Figure 4: Sketch of measurement points
(Measurement point A is mirrored across the shooting axis)
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Figure 4 shows the microphone positions used to record
the shot signals for each shooter position. All measure-
ment points have a height of 1.6 m. In simulations, the
muzzle height was set to 1.4m, while in measurements
it varied between 1.27m and 1.45m m depending on the
shooter’s height.

Investigations

This section evaluates the ANX source model for predict-
ing hearing load near the muzzle. The AHAAH model[3]
, developed specifically for gunfire noise, is a validated
method used by the United States military[11]. All cal-
culations apply consistent settings: unwarned, no hearing
protection, and frontal sound incidence.

For each facility type, four scenarios are analyzed, vary-
ing in diffraction effects and reflection parameter resolu-
tion. The abbreviations used are listed in Table 3.

Table 3: List of Abbreviations

RK Broadband reflection classes[9, 10]
R(f) Third-octave band reflection coefficients
NoDiffraction Diffraction components are neglected
UDFA Calculation of diffraction using UDFA|[2]

In Figures 5 to 7, hearing load is shown for each facility
and microphone position, based on measured and pre-
dicted values. Measured hearing load is displayed as a
bar, with the top edge representing the 80th percentile
and the bottom edge the 20th percentile of 10 shots The
significant difference between these two percentiles is a
well-known phenomenon in near-muzzle shot measure-
ments[12]. The predicted hearing loads are displayed as
colored markers.

Hearing Load from the Areas

Figure 5 shows the hearing loads in the open-field sce-
nario. Predictions match the measured values well at
microphone position A, slightly underestimate them at
position B, and considerably underestimate them at po-
sitions C and D.

For the indoor range in Figure 6, predictions differ
between broadband reflection classes and third-octave
band-dependent parameters. Frequency-dependent re-
flection parameters reduce predicted hearing load by up



to 15%. Diffraction effects have no noticeable impact.
Predictions match measured values at positions A, B,
and D, with underestimation only at position C.
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Figure 5: Open-field: hearing load following measurement
and prediction at the respective measurement points

800
600
o]
o
<400 =< e
I
« Measurement
200 Chaser RK NoDiffraction .<
Chaser RK UDFA
® Chaser R(f) NoDiffraction
0 <« Chaser R(f) UDFA |
A B Cc D
microphone positions
Figure 6: Indoor shooting range: Hearing load based on

measurements and predictions at the respective measurement
points

For the target area in Figure 7, prediction models show
only minor differences. Scenarios with UDFA and broad-
band reflections yield hearing loads up to 3 % higher than
models without diffraction or frequency-dependent reflec-
tions, while diffraction alone contributes at most 1%.
Predictions match measured values at position B, slightly
underestimate at A, and significantly underestimate at C
and D.
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Figure 7: Target area: Hearing load based on measurements
and forecasts at the respective measurement points

In summary, hearing load at points A and B was pre-
dicted accurately across all facilities. Predictions at point

C were consistently too low, while at point D, realis-
tic predictions were only achieved for the indoor range.
Comparing measurements at point D shows substantial
variability in the reference data. Based on facility geom-
etry and surfaces, the indoor range would be expected to
produce the highest hearing load and the open field the
lowest. However, measured values were approximately
~230 ARU, in the open field, ~200 ARU, in the indoor
range, and ~320 ARU, in the target range. The cause
can only be estimated and requires further investigation.
Possible factors include the stature of each shooter! and
resulting differences in muzzle height, as well as slight de-
viations of a few centimeters in the measurement setup.

Detailed Signal Analysis

Another potential reason for the discrepancy between
measured and predicted results emerges from the anal-
ysis of the sound pressure time histories and frequency
responses.
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Figure 8: Indoor shooting range: Shifted sound pressure

time histories at measurement point B
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Figure 9: Indoor shooting range: Smoothed frequency re-
sponses at measurement point B

Figure 8 shows the measured and predicted sound pres-
sure time history at point B in the indoor range, with cor-
responding frequency responses in Figure Figure 9. Both
signals produce a hearing load of ~400 ARU, despite a
peak level difference of ~6dB. This occurs because the
AHAAH model attributes only ~20% of the auditory
load to the peak, with the remaining ~80 % influenced
by the rest of the signal[13]. The model also emphasizes
frequencies between 1kHz to 4kHz. The ANX source
model’s tendency to overestimate higher-frequency com-
ponents|[6] also contributes to the observed peak level dif-
ference.

Figure 10 highlights the strong influence of signal shape
on AHAAH model hearing damage predictions. Here,

LA different shooter was used at each range
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Figure 10: Indoor shooting range: Shifted sound pressure
time curves at measurement point C

the measured hearing load is about 200 ARU higher than
the predicted value, even though the simulated signal’s
peak exceeds the measurement by ~9dB. Despite the
higher level, the predicted hearing load is lower, likely
due to pronounced fluctuations in the measurement sig-
nal between 6 ms and 8 ms. These fluctuations, caused
by the muzzle brake, increase with the shot angle and are
largest opposite the shot direction.

Despite these fluctuations and level differences, the time
histories show strong agreement in the first reflections.
Likewise, the frequency responses between 100Hz and
1.5kHz display very similar patterns.

Conclusion

As previous studies indicate, the ANX source model’s
nonlinearity enables realistic prediction of hearing load
near the muzzle, but only in about 50 % of cases here.
Its tendency to overestimate high-frequency components
can make peak levels too high. Nevertheless, predicted
hearing loads match measurements due to the AHAAH
model’s complex processing. In short, the results are
accurate even though the scaling is incorrect.

This is not disqualifying, since in fields like emission con-
trol, signal shapes are secondary to overall levels. Addi-
tionally, as the muzzle exit angle increases, the muzzle
brake increasingly affects the signal. This is a factor not
accounted for by the ANX model or any other source
model known to the authors.

Beyond the evaluation of the ANX model, additional con-
clusions can be drawn. The signal waveforms show strong
agreement, validating the sound propagation routines in
the Chaser simulation software. Using broadband re-
flection classes instead of third-octave band-dependent
parameters can change predicted hearing load by up
to 15%, making this a significant factor. In contrast,
diffraction components affect hearing load by less than
1% for the facilities and shooter positions considered,
and are therefore negligible.
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