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Abstract Reliable noise mapping is much needed to manage noise exposure from
novel drone traffic, Urban Air Mobility (UAM). Dedicated noise mapping tools, such as
SAFTu, NoiseModelling, and SoundPLANnoise, require accurate source models which
represent the sound emissions of the drone in operation. In relation to established civil
aviation noise modelling standards, such as ECAC Doc. 29 and associated NPD data
derived from ICAO Annex 14/16 certification, neither noise certificates for Unmanned
Aerial Vehicles (UAVs) nor certification standards are in place to date.

Until certification frameworks are in place, a methodology for establishing source data
needs to be developed from voluntary test data. When developing such methodology,
the different operational modes associated with VTOL propulsion systems need to be
accounted for. Operation at lower altitudes necessitates consideration of entire flight
trajectories, including en-route phases, rather than only take-off and landing.

Recent EASA guidelines for in-situ noise measurements of UAVs up to 600 kg
represent an important step toward realistic drone noise assessment; however, the
omission of take-off and landing measurements, as well as the lack of frequency-
dependent data, constitutes a limitation for environmental noise studies.

In the present work, it is shown how field-measured noise data can be used to derive
acoustic source models with controlled uncertainty. Moreover, simplified physics-
based models, based on e.g. vehicle mass and rotor properties such as tip speed,
diameter, and pitch are discussed in the context of extrapolating measured acoustic
data at a given flight mode. Such models can also be used to support vehicle design
optimization work regarding noise generation.

Methodologies for converting limited experimental data sets into source models are
also discussed, e.g., when directivity data is limited or missing, or when field test data
are affected by ground reflections. Calculation examples are presented, highlighting
how field test data, in combination with physical sound generation models, can be used
to define source models to be used in environmental noise studies.
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1 INTRODUCTION
1.1 The need for UAM noise mapping

Simulations are widely recognized for their role in supporting well-informed decision-
making. By visualization of flight routes together with graphical and aural presentation
of noise exposure and impact in different scenarios, simulation tools can effectively
support the planning of suitable routes and the placement of drone ports to limit noise
exposure and increase societal acceptance of novel UAM. Furthermore, calculation
results can be integrated into various actors' processes for regulations, urban planning,
traffic planning and not the least important, communication with affected citizens. In
addition to noise maps, simulation results can be postprocessed in modern tools such
as virtual reality and, if combined with sound recordings, auralization tools e.g. as in
(Chalmers, 2026), to provide effective ways to inform and engage the public.

1.2 Source descriptors for UAVs

Predictive noise mapping from air traffic relies on accurate sound source models,
preferably with known error bounds. Without such models, the calculated noise levels
on the ground have limited value. In software like SAFTu (Tengzelius & Orrenius, 2025;
Tengzelius & Orrenius, 2026), UAV noise source strength and character
representations must consider vehicle type and flight modes. In the process of deriving
source models, rotor parameter data such as rotor speed and pitch, are useful for
assessment of noise generation from the needs for lifting force.

1.3 Categorization of drones and VTOLs

According to literature on UAM (Rizzi et al., 2020; Greenwood et al., 2022), future
vehicle fleets are anticipated to be equipped with propellers or rotors powered by
electric motors. As a result, flow induced rotor noise is expected to dominate the overall
noise emissions.

Although a wide range of drone and air-taxi concepts are developing (Rizzi et al., 2020;
Greenwood et al., 2022) we here choose to categorize them into only two groups
regarding their propulsion systems: VTOLs and multicopters. Within the group
“multicopters” we address vehicles without wings, which use their rotors to generate
both lift and thrust for forward propulsion. VTOLs are generally known to use more than
two propulsion units, referred to as distributed propulsion (Leishman, 2026), and here
the concept refers to a vehicle equipped with fixed wings for creating lift at level flight
and rotors for lift generation at hover and vertical take-off and landing. Note that VTOLs
either apply tilting rotors, so called proprotors, or two different sets of rotors/propellers
to enable transitioning between level flight and vertical approach/take-off.

2  OBJECTIVES

The present work aims at displaying how source models for noise mapping of UAM
can be developed based on data from field measurements according to standardized
procedures, complemented by generic laboratory measurements of directivity and
physics-based models for overall sound power generation of rotor craft. A second
objective is to display how noise maps can be used to support decision making
regarding flight routes and landing sites.



3 SOURCE MECHANISMS

3.1 Components of rotor noise
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is caused by the vortices created by the displacement of air mass from the blade
motion (Marte & Kurtz, 1970). A fluid element in the disc will be physically moved aside
by the blade, equivalent to a periodic introduction and removal of mass at each fluid
element near the disc. The strength of this source is proportional to the rate of mass
introduction at a point and is determined by the blade profile, incidence and speed. Up
to values of tip speed approaching sonic, thickness noise is generally found to be small
compared with the noise arising from torque and thrust. For drones and air-taxis with
low tip speed rotors (M<<1), neither high speed impulsive noise is relevant.

For drones and air taxis with hover rotor tip speeds in the range 0.2<M<0.6 (see
Table 1), loading noise clearly dominates. Such noise is caused by variations in the
aerodynamic forces on the rotor blades and was the first mechanism to be analysed
and modelled (Akiwate, 2024).

Drone noise spectra are typically characterized by prominent tonal components in the
low-to-mid frequency region, and broadband noise in the mid-to-high frequency region.
The relative strength of the tonal components increases with the number of rotor blades
and rotor tip speed (Akiwate, 2024), but for small logistics drones, broadband noise
typically dominates the total energy in the far-field (Sinibaldi & Marino, 2013; Ramos-
Romero et al., 2023).

3.2 Sound source directivity
3.2.1 Single rotors

The rotor source mechanisms discussed above give rise to conceptually different
radiation patterns (Marte & Kurtz, 1970; Baars & Ragni 2024), with the tonal noise
components having a radiation maximum at ca 20 degrees below the rotor plane
(Baars & Ragni 2024) whereas the overall A-weighted sound level displays a minimum
in the rotor plane. This dipole pattern becomes even more pronounced at high
frequencies, for which the difference between the downward and the rotor plane A-
weighted levels can be more than 10 dB, see Figure 2.
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Figure 2. A- weighted laboratory measured radiation patterns of a single rotor: (left) overall level;
(center) tonal frequency components summed up and, (right) broad band components above 5 kHz.
Adapted from (Baars & Ragni 2024).

The directivity patterns of the different spectral components are clearly illustrated by
the graphs of Figure 2.

3.2.2 Multicopters

The aeroacoustic situation for UAVs is more complex than for the single rotor case.
The main differences are due to interaction between the flow fields of adjacent rotors
and interaction between the rotor flow field and the UAV fuselage.

In Figure 3 curve fitted directivity data AL,(¢,8) are shown over a sphere. The data
displayed are from fitting experimental data sets measured for five small multicopter
UAVs (4-6 rotor, 0.8 kg > m >3.5 kg) in an echo free chamber (Heutchi et al., 2021).
The raw data used is in one third octave bands with center frequencies from 125 Hz to
12.5 k Hz normalized such that AL, = 0 at ¢ = —30°. These data were fitted with the
least absolute residual robust (LAR) method using Matlab® to a surface spanned by a
fourth order polynomial in the frequency domain and to a second order polynomial in
the p-domain. See Appendix A for statistical data of the fitting function.

The fitting is made over the lower hemisphere for polar angles 0° > ¢ > —90° using
microphone data at the discrete angles of ¢ = [30°,—30°,—60°, —80° |, with reference
to the coordinate system displayed in Figure 3. In the plots the field is mirrored in the
x-y plane such that AL,(p,8) = AL,(—¢,0),that is the source is assumed to be
symmetric with respect to the x-y plane. Moreover, the radiated sound power is also
assumed to be constant with respect to the azimuthal angle 8, meaning that the sound
radiation is the same for all angles in the rotor plane. To comply with the standard
definition of directivity index according to ISO 3744, AL, has been normalized so that

the spatially averaged directivity is zero for all frequencies.

From Figure 3 we find that the direction perpendicular to the rotor plane is, according
to the model, associated with the highest radiation. This directivity is more pronounced
at high frequencies, similar to the pattern of a single rotor.



Figure 3. Multicopter directivity AL,fitted to lab measured data: Left, 10 kHz; Center, 1 kHz; Right,
100 Hz.

4 PHYSICS- BASED MODELS

Simplified physics-based models, based on e.g. vehicle mass and rotor properties
such as tip speed, diameter, and pitch are useful in the context of extrapolating
measured acoustic data at a given flight mode. Such models can also be used to
support vehicle design optimization work regarding noise generation.

4.1 Scale models

As discussed above, the main broad band noise is generated by the formation and
shedding of vortices in the flow past a blade, see Figure 1. Early NASA work (Marte &
Kurtz 1970) provides an overview of rotor noise and present applicable scale models
for overall vortex sound power generation,

L, = 10log(Avg,) + 20log(c;) + C; (1)
where v,;, is the rotor tip velocity, A the rotor disc area and ¢, the non-dimensional
rotor lift coefficient and C; is a constant.

For practical applications for a hovering vehicle, Equation (1) may be rewritten in a
more convenient form as,

L,, = 10log(Av{;,)+201og(T) — 20logS, + Cs, (2)
where S, is the total rotor blade area and the rotor thrust is,
T=crp-A- vtzl'p' 3)

For Equation (2), we have made use of that the non-dimensional thrust coefficient can
in hover be related to the lift coefficient as,

cLSp

cr = 64 ' (4)

For a blade element at radius r, it can be shown that the local lift coefficient ¢, (r), is
proportional to the local blade angle of attack a(r) (Leishman, 2026). An effective
angle of attack for a rotor blade can be obtained as,

a.rr = arctan(GP/(0.75 - r - 2m)), (5)

where GP is the helical geometric pitch, typically given by the manufacturer in inches.
Non-slip conditions are assumed.



In reference (Schlegel,1966), overall noise levels from two different Sikorsky
helicopters were estimated using Equation (1) The results were within 2 dB compared
to measured data for a wide range of rotor speed and pitch (thrust) settings.

The correlation of rotor sound power generation to the geometrical pitch has been
investigated experimentally in (Storch et al. 2016). The sound pressures from 13 small
2-blade UAV rotors with diameters ranging from 20" to 24", were measured in a
laboratory with a microphone mounted in the rotor plane at 550 mm from the rotor
centre line. All rotors were run at a speed corresponding to v, =120 m/s.

Based on Equation (1), the overall additional sound power generation related to pitch
is calculated as:

ALy, = Ly meas — 1010g(A/A,) — 60log (vtip/vtip,o) + G, (6)

where Ly m.qs is the overall sound level measured, wv.,,=120m/s and A, =
0.203 m? and C; = —92 dB. In Figure 4 two data sets are shown, one with nominal pitch
data and one with the pitch evaluated from image processing.
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Figure 4. Measured overall sound power increases as a function of pitch. The slope of the logarithmic
fit function is stated together with the corresponding R? values.

For all rotors, the measured pitch is higher than the nominal one. However, the
logarithmic slopes of the best log1o fit to both data sets, match the ¢; slope in Equation
(1). This result justifies that for non-stalling rotors the nominal geometric pitch, GP, can
replace c;, in Equation (1), although the coefficient C; is then altered. This is useful for
practical modelling work, as GP is a rotor parameter that is easily accessible.

4.2 Application to VTOLSs and drones

To evaluate how the scaling laws presented above perform for the overall sound power
generated by VOTLs and multicopters, sound pressure levels measured in hover
outside of ground effect (HOGE) for several air vehicles of different mass were back
calculated to estimate apparent sound powers in the direction of the measurement.

Thereafter, the sound power was calculated with the effective angle of attack . in

radians according to Table 1 substituting the lift coefficient ¢, in Equation (1) and with
C; = 0. The linear dependence c,~ a.sr holds at normal (non-stalling) operation for

c,< 12 degrees (Leishman, 2024). For all rotors, except those of Joby S4, a.; was
calculated from the nominal GP according to Equation (5).



Table 1. Vehicle and rotor data from the open literature and from manufacturers, together with
measured and calculated apparent sound powers in hover for the VTOLs and multicopters analysed.

UAV mass Rotor area Nof  Rotor Angle of Rotor speed Rotortip BPF Lypimeas Luzmess THrust C; Lu,cal
[kgl [mZ] Blades pitch [m] attack [°] [rpm] speed [M] [Hz] [dBA] [dB] [N] [dB]

VTOL Delivery drone 1 20 0,66 2 0,18 9,6 6300 0,440 210 111,2 113 196 0,085 113,4
VTOL Delivery drone 2 20 0,81 2 0,17 79 5200 0,403 173 107,2 109 196 0,082 1103
VTOL Delivery drone 3 30 2,03 2 0,18 8,4 4860 0,377 162 114,4 116 294 0,056 113,1
DJI Matrice 600 PRO 9,5 1,34 2 0,178 8,1 3000 0,24 100 102 93 0,064 99,6
Large Multicopter 260 18,85 2 0,33 4,0 1860 0,57 62 119 128 2551 0,023 127,0
Drone

Joby 54 2100 43,84 5 19 685 0,32 57 115 124 20601 0,254 129,2

a) Internal reports. b) From reference (Nathan, 2019). c) From references (Pascioni et al.; 2022; Schatzman,
2025).

The measured and calculated sound powers are plotted in Figure 5. In addition, a linear
model is indicated, with sound power assumed to be linearly proportional to mass
(thrust) fitted to the measured sound power of the smaller UAV. Although the fit is
reasonable for the smaller UAVs, such a model cannot explain the sound power
generation of the larger vehicles.
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Figure 5. Left: Measured and calculated sound powers for six different VTOL and
multicopter UAVs.

4.3 Interpretation of results

It is interesting to note that the Joby S4 air-taxi at ~2100 kg take-off mass is measured
at a lower noise power level than the Large Multicopter at 260 kg take-off mass. One
main reason is that the Joby rotors are hovering at a substantially higher pitch, allowing
its rotors to produce the trust needed at much lower tip speed. The Joby S4 thrust
coefficient is also more than 10 times greater than that calculated for the large
multicopter, see Table 1.



Sound pressures were for the smaller drones measured using the EASA method with
an inverted microphone above a reflecting metal plate directly below the hovering UAV.
The free field sound powers were estimated as described in Appendix B. However, the
Large Multicopter drone and the Joby S4 were instead measured with the microphone
elevated in the rotor plane. In view of the typical directivity of multicopters according to
Section 3.2.2, the noise level in the downward direction from the rotor for these vehicles
is likely to be a few dB higher.

The two delivery drones at 20 kg take-off mass are conceptually very similar but differ
in measured sound power by 4 dB. This difference is mainly due to the lower tip speed
of the delivery drone #2 rotors and is well captured by Equation (1).

Note that the delivery drone # 3 is equipped with 10 rotors which are partly overlapping
when viewed from above (13% of the rotor area), a design likely to increase the sound
power in relation to that of Equation (1). In this calculation model, the total area of all
rotors is summed up, assuming that flow interactions do not affect the sound power.

The measured sound power level for the Joby S4 is 6 dB lower than that calculated.
Clearly, there are uncertainties regarding the experimental sound power (source
directivity, ground reflections) but given the design efforts taken to reduce noise
emissions of the Joby S4, the Equation (1) model may well be too crude, e.g. as
acoustically optimized rotor blades (Candeloro, P. et al., 2022) are not accounted for.

In summary, the simple scaling law model for vortex noise manages to predict the
sound power estimated from measured data quite well for a wide range of different
VTOL vehicles, in spite of that the tonal components of the spectrum are not accounted
for in the scale model.

4.4 Low noise rotor design

With the thrust generated being proportional to T~vtzip, whereas overall noise
generation follows L, ~ vfip, as suggested by equations (3) and (1), it is clear that
reducing rotor tip speed while maintaining thrust by, e.g., increasing the total rotor area
A or the lift coefficient c;, is beneficial for noise generation. Such measures also shift
the tonal part of the spectrum to lower frequencies which is favourable when reduced
A-weighted sound levels are sought. Increasing the number of rotor blades increases
thrust (Leishman, 2026), which can be exchanged for lower tip speed for reduced noise
generation at equal thrust. Please note that increasing the number of blades will also
shift the tonal part of the frequency spectrum to higher frequencies, which will increase
A-weighted sound levels. Moreover, rotors with adjustable rotor blade pitch offer
advantages regarding noise generation, by tuning the operational point for minimized
noise generation at a given thrust level (Leishman, 2026).

4.5 Noise aspects of eVTOL design concepts

In view of that lift is generated by the wings, the thrust needed at level flight is
significantly lower for VTOLs with wings than the corresponding multicopters at equal
mass, and are thus much less noisy at level flight, e.g. see Figure 7. But what about
the noise generation close to a drone port? Will the extra weight of the wings, and that
of the more complex propulsion system, lead to higher take-off masses and
accordingly, louder hover, take-off and approach operations?

As the power requirement at level flight is generally much higher for electric
multicopters than for a corresponding fixed wing eVTOL, the battery mass needed for



the multicopter is higher than that needed for the fixed wing vehicle. Accordingly, the
total vehicle mass, and the noise generation at hover, increases faster with the design
range for the multicopter. For medium and long design ranges, the added battery mass
needed for the multicopter literally outweighs the mass of the wings and the more
complex propulsion needed.

In reference (Ugwueze et al., 2023) a comparative case is analysed for which a fixed
wing eVTOL and a corresponding multicopter are designed for a maximum payload of
403 kg and a 35 km range. This design range corresponds to a breakeven point for
which the two vehicle types have the same total mass. Both vehicles are assumed to
be equipped with 275 Wh/kg batteries.

500

400 B Multicopter 403403
u Fixed Wing

300 235

202

168
134
I I 67 67
- HN HY mm EB

Structural  Battery Propulsion Payload

Figure 6. Mass distribution for two different conceptual eVTOLSs: one multicopter and one fixed wing
design; both being battery equipped and designed for the same payload and operational range.
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The relative mass distribution for the case analysed is displayed in Figure 6. In this
case for the fixed wing eVTOL, the wing structures add 67 kg (40%) mass to the
airframe mass resulting in that the structural mass makes up about 28% of the mass,
compared to 20% for the multicopter.

For short range configurations, multicopters are slightly quieter in hover due to smaller
mass. But this effect is small. Based on Equation (1) and (3), 10% heavier design
results in 0.5 dB more noise generation at hover if the additional lift capacity needed is
obtained from increased rotor area and 1.4 dB more if the increase is obtained by
higher rotor speed. Alternatively, if the design range is more than 35 km, it will be the
other way around with the optimal fixed wing design being less heavy than the
multicopter (less battery mass) and accordingly less noisy in hover.

5 MEASUREMENTS ACCORDING TO EASA GUIDELINES
5.1 Test execution

Sound levels from the KATLAS3, a 40 kg maximum take-off-mass logistics drone with
separate propulsion systems for lift and forward flight, were measured outside of
Ostersund. An NTI XL2 sound level meter system, was used to record the audio signal.

The positioning of the UAS was taken from the KATLA3 internal GPS system, applying
Satellite-Based Augmentation Systems with GNSS for increased precision. The
altitude was also recorded. For the hover measurements, the altitude above ground
level (AGL) was calculated from the GPS reported altitude at hover, subtracted by that
recorded at the landing site. The background sound levels were more than 20 dB below
the UAS sound level at overflight as well as at hover. The average wind speed at
ground level was 2 m/s and at 60 m AGL 4 m/s.
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5.2 Modes of operation

Four different modes of operation with 30 kg take-off mass were investigated. The first
two being hover at 17.5 m AGL and flying over the microphone setup at 36 m/s at 60 m
AGL. For these measurements, the microphone was mounted inverted at 7 mm above
a reflecting aluminium plate (EASA, 2023) as shown in Figure 7. In addition,
investigation measurements were made with the drone in hover, vertical approach and
take-off, with the microphone freely mounted in a flagpole at 10 m above ground level.

5.3 Applicable acoustic metrics

For the Laea measured, the integration time was 30 s. for the EASA hover tests, 5 s.
for the hover investigational tests and varied between 14 and 19 s. for the EASA
overflight tests. For the Lamax T sound level, the integration time was chosen as 1 s.,,
i.e.the standard “slow” integration time for aircraft noise, Las,max. Also, so-called Lar,max
levels were recorded. Typically, the recorded difference Larmax - Lasmax is 1-2 dB.

For the noise maps in the Lamax metrics we have chosen to use the measured Las max
values for deriving source models, both at hover and at overflight modes. For a
discussion on La max metrics for aviation noise, see e.g. (Da Silva, 2013).

Averages over six overflight and hover events were calculated. For the overflight
measurements, the sound level was recorded during each flight. According to the
EASA guidelines, also averaged sound exposure levels Le avc were calculated as,

Lg ave = 10log(X; 10"57/) with Ly ; = Lgg; + 10log(ty), (6)

where Lg,; is the equivalent sound level of the iith event, recorded over the

measurement time { in seconds. Sound exposure levels (SEL) are typically used in
combination with EPNL in aircraft certification (ICAO, 2023; Olsen et al., 2024)

5.4 Source assessment at different operational modes

The EASA guidelines for UAVs up to 600 kg requires in-situ measurements of noise at
hover and at overflight conditions, but not at take-off and approach, which is a limitation
for modelling purposes. The sound generations at take-off may be estimated from
hover data in combination with either test bench measurements, in which relationships
thrust vs. sound power level are determined, or by applying scaling laws in combination
with assumptions of the vertical acceleration.
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Figure 7. Left: Microphone arrangements for hover measurements. Right: Sound pressure level
spectra at 1 m. from the KATLAS3 for vertical, horizontal, and combined propulsion units.



For the UAV analysed, we have from Equation (1) together with Equation (3) that
increasing rotor speed to provide a 10% increase in thrust from the hover level, results
in about 1 dB increase in sound power. Such an increase in thrust results in realistic
vertical acceleration, lifting the UAV to 50 m in 10 seconds, or an average climb rate
of 5 m/s. Measured increase in La, max for small UAVs during climb in relation to hover
is in the same range, see e.g. reference (Heutschi, 2021). Obviously, a higher climb
rate would lead to more starting noise, and it is wise for operators to control the
additional noise at take-off by applying a sensible climb rate. For descending small
UAVs the increase of Lamax noise level relative to the hover level can be greater
(Heutschi, 2021), associated with the increase in RPM needed to brake the vehicle
before approach.

Alternatively, the measurement procedures for UAVs in approach or take-off as
described in ISO/FDIS 5305:2024 can be applied, although the recommended sound
exposure level metrics (Lea 1) is not readily converted to the source power needed for
modelling purposes. If available, Lawmax levels recorded during vertical take-off and
landing could be used as input to the source model. In this case, the actual distance
between the microphone and the position at the time of Lamax should be used to
estimate the sound power.

For VTOLSs with rotor systems which can be tilted and/or with adjustable pitch rotors,
there are more operational modes possible, in particular at approach and take-off. For
such vehicles the procedures suggested by the NORAH project (Olsen, 2024) may
potentially be applied or those recently published by (EASA, 2024) for certification of
air-taxi vehicles with tilting and non-tilting rotors based on existing procedures for
heavy helicopters.

Also, methodology for assessing measurement errors and associated uncertainty is
highly useful. Both in reference (EASA, 2023) and in ISO/FDIS 5305:2024, procedures
for estimating measurement uncertainty are given, including that associated with
measurement repeatability, UAV positioning accuracy, wind speed etc.

5.5 Evaluation of directivity

In Figure 8 measured sound pressure levels are shown for the KATLA3 drone. Two
measurements were made, one directly below the hovering UAV at ¢ =-90° and at
13 m above the ground according to the EASA guidelines and one in the rotor plane
at 10 m above ground and 25 m from the drone, using a flagpole as a microphone
stand. The measurements were taken at different distances from the source and were
therefore normalized to 1 meter from the source. For the spectrum measured in the
rotor plane, the ground reflection is compensated for as explained in Appendix B.
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Based on the measured spectrum, it is found that the overall free field sound level at
the flagpole position is calculated at 1 dBA below the measured level when the
reflections from the grass ground are “subtracted”. In addition, a calculated spectrum
is shown for which the measured spectrum in the rotor plane is used as a base line
and the generic directivity function according to Equation A1 is used to estimate the
sound spectrum downwards at ¢ =-90°.

Clearly, the generic model of Equation A1 overestimates the field measured level
downwards. One reason can be that the rotors for this UAV were partly overlapping,
which gives rise to additional noise in relation to those of the small UAVs which were
used to derive Equation A1.

5.6 Source directivity for sound exposure modelling

In a noise mapping perspective, directivity information is mainly needed for UAVs near
the ground, typically in take-off or landing mode of operation, and specifically in urban
settings for which landing sites may be in the vicinity of buildings. Therefore, directivity
data are more important for drones in vertical flight than for those in level flight,
assuming that level flight is undertaken at altitudes above roof tops. Exceptional cases
includeair-taxis operating among high rise buildings.

Source dire tivity data can be used in combination with measured spectra in a single
direction, g.t fromB those obtained using the EASA measurement guidelines.
Potentially, infulations can be used for this purpose. Good match between measured
and calcul: 2d directivity has been shown for the tonal spectrum of single rotors and
counter ro' ling twin rotors using the incompressible, unsteady Reynolds-averaged
Navier Sto s (URANS) equations (Kingan 2023). However, for rotors installed on an
UAV, acco 1ting for the acoustic installation effects due to scattering on the airframe
is crucial ¢ these effects substantially modify the sound directivity (Zarri, 2022). To
calculate d :ctivity for a complete UAV, including the installation effects for rotors close
to the fuse i1ge and the blade vortex and blade-wake interactions, is clearly more
challenging especially for the broadband components, as reported e.g. in (Zarri, 2022).

Until validated CAA methodology is available, the preferred alternative is to include
directivity when measuring noise from a particular drone, in a lab e.g. according to ISO



5305:2024, or in situ e.g. using the novel NORAH methodology developed for rotorcraft
(Olsen et al., 2024). One limitation is that the NORAH methodology only requires
measurements in the polar angle span —30° > ¢ > —90° whereas in an UAM context
with air-taxis landing among houses, source data are needed also in the rotor plane at
¢ = 0° To measure in the rotor plane, elevated microphones are needed. Such
measurements can be elaborate and costly (Olsen et al., 2024; Tuinstra & Sijtsma,
2012) but by making use of fixed infrastructure, like flagpoles or lighting stands, the
associated effort and cost can be limited.

Second best may be to combine measured spectra in a single direction, e.g. from those
obtained using the EASA measurement guidelines, with data from a “generic”
directivity model such as that described by Equation A1. This approach makes sense
as long as the UAVs used for deriving the generic model are aero-acoustically “similar”
to the UAV being modelled.

It is noted that the attempt to use the generic directivity model of Equation A1 to relate
rotor plane and downward radiation for the Delivery drone # 3 of Table 1, did not work
well as illustrated in Figure 8. One reason may be the overlapping rotors of this UAV,
leading to strong blade-wake interaction, which was not the case for the vehicles used
to derive the experimental data set used for the model. For this UAV, a uniform
monopole model appears to be a better choice until better data are available.

6 CALCULATION OF NOISE ON THE GROUND
6.1 SAFTu software

The newly developed SAFTu simulation platform (Tengzelius & Orrenius, 2025;
Tengzelius & Orrenius, 2026), provides a computationally efficient framework for
analysing noise impact of drone traffic (UAM). The purpose is to enable noise exposure
maps from general flying vehicles with specified trajectories under the conditions that:

¢ Runs and results should be easy to perform and understand also for
inexperienced users
e Runs are “fast” on standard PC/laptops

The software can be used as a stand-alone tool with minimal dependencies as far as
possible.

SAFTu is based on its forerunner SAFT (Tengzelius, 2022), and is written in and runs
from within MATLAB®. Ground noise is computed using raytracing onto a moving grid
underneath the vehicle. The calculations are limited to cover areas with significant
noise levels, and the main output is noise contours representing, e.g. Lamax-levels. The
calculations are quick, typically requiring some CPU minutes depending on flight
distance and on ground and building elevation data resolution.

Flight trajectories are created or imported, and noise maps can be produced for any
geographic area on earth. This is enabled using free and open access supporting tools
and data: Google Earth (GE) for manual ground track generation and results
visualisation, QGIS and e.g. OpenTopography for elevation data handling and open
data from sources such as Copernicus Global Digital Surface Model 30m. Other high
resolution 3D data, including building geometries for increasingly more urban areas
across the globe, are found in open sources or sources with some limited restricted
access. Such data are usually directly applicable in SAFTu. Population data are taken
from, e.g. OCHA /HDX and atmospheric profile data prognosis data from e.g. the
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Norwegian Meteorologic Institute, (Scandinavian/Baltic region) or simply a standard
atmosphere. The vehicles are represented by their sound intensity at 1 m. The flight
path is discretized in timesteps, typically around one second long.
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Figure 9. Process flow chart for a SAFTu run (Tengzelius & Orrenius, 2026).

From the trajectory discretization points, the sound pressure at the ground grid points
is currently computed using ray tracing with straight rays, and the sound pressure as
a function of time, frequency and position is saved for each ground grid point with
significant noise level. Noise histories are computed and Lamax and/or Lae contour lines
are plotted. Other noise metrics could easily be added. A self-explanatory interactive
serial user input combined with fast runtimes enable an effective “learning by doing”
process for new users (Tengzelius & Orrenius, 2026). Methods for refractive raytracing
to assess noise in “shadow zones” or to account for cylindrical propagation due to
atmospheric inversion conditions, are developed but not yet implemented in SAFTu.

6.2 Sound source descriptors

When computing noise emissions and propagation from moving sound sources like
UAVs, a common simplification is to represent the vehicle as a point source. This
approach is also applied in SAFTu. The point source model works well if the distance
to the receiver is significantly larger than the source/vehicle itself.

The simplest radiation pattern is that of a monopole, which radiates equally in all
directions, but the radiation directivity pattern can be more general for which the
intensity varies with polar angles 6, ¢. Typically, the source strength is given as a sound
intensity at 1 m from the source and @ is defined by assuming 0° pointing forward in
the x - direction and 180° pointing backwards, ¢ usually taken as 0° when pointing
along the y- “right wing” direction and 90° downward (z-direction in the aircraft
coordinates); see Figure 10 for coordinate systems etc.

User input
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Pitch, dych . trajectory
i
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trajectory pointsto | _,
Trajectory, accompanying
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Figure 10. Left: Coordinates and polar angles for directivity applied in SAFTu with standard aircraft
coordinate system including rotational angles. Right: Vehicle sound source representation in SAFTu
flow chart logics.

In SAFTu the sound source intensity is given in 1/3-octave bands.

With a defined (point) source including directivity characteristics, one can couple the
source model to the sound propagation in the computational chain towards the
resulting noise time histories in receiving points on ground or at building fagades.

6.3 Calculation examples

Two examples are provided below to illustrate the application of SAFTu for producing
realistic noise maps. Another example related to an SAFTu application for UAM serving
Stockholm’s acute hospitals is provided in reference (Orrenius, 2024). The first
example here is a 45 km flight simulation, Krokom to Follinge in Jamtland as shown in
Figure 11. To define source models for take-off and approach as well as for flyover,
the Lasmax EASA test data from the 30 kg eVTOL presented in Section 5 is used.

The ground track is here created by defining way points in Google Earth. Alternatively,
the flight path and operational data are defined in an input CSV file. In Figure 12, the
finalised flight trajectory profile is shown, including the ground topography underneath.
Positions for flight mode changes are indicated by dashed black lines: from copter to
fixed-wing mode and vice versa.
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Figure 11. Flight path between Figure 12. Flight mode input GUI in which the flight path
Krokom and Foéllinge (45 km). is plotted above the ground height curve.

For this example, the moving grid is re-sized to cover larger areas during take-
off/landing (copter mode) than during en-route level flight (fixed-wing mode). In Figure
13 and Figure 14 a flight path at S6dermalm in Stockholm is shown in which a software
prototype for inclusion of buildings is used. In this second calculation example we apply
laser scanned (LiIDAR) data with resolution as fine as 1 m. In the calculation of the
sound rays, diffraction according to the CNOSSOS-EU framework is applied in the
vicinity of buildings. The source is in this case a generic air-taxi VTOL vehicle.




Figure 13. Google Earth view of a flight trajectory with Figure 14. GE view with the ground grid shown
take-off in Hogalidsparken, Stockholm. as white lines including buildings and roads.

6.4 Results

In Figure 15, Lamax contours are shown for the Krokom take-off area as described
above, and in Figure 16 a histogram graph representing the number of people living in
different Lamax bands as defined by the noise map (for the entire route). In this case, a
Digital Elevation Model (DEM) with a horizontal resolution of 30 m. was applied.

In Figure 17 and Figure 18, calculated La, max contours are shown for the take-off area
in Hogalidsparken in Stockholm. Note that the circular building in the upper right corner
of Figure 18 was not yet built at the time of the LIiDAR data collection and is therefore
not affecting the noise propagation simulated.
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Figure 15. GE view with La, max contours for the Figure 16. Noise exposure from Jamtland

take-off site in Krokom. flight with no. of people living in Lamax
bands.

Figure 17. La max noise contour maps in Google Figure 18. La, max noise contour maps in GE with
Maps. 3D rendering of buildings and vegetation.

While other noise mapping tools are available, 3D rendering within the Google Earth
framework is highly attractive for visualizing UAV noise. Topography is available
globally as well as 3D building geometries in major cities. The widespread access to
free DEM data further increases GE’s appeal for presenting noise results.

7 CONCLUDING REMARKS

Simulations are widely recognized for their role in supporting well-informed decision-
making. By visualization of flight routes, simulation tools like SAFTu can effectively
support the planning of suitable routes and the location of drone ports. Furthermore,



calculation results can be integrated into various actors' processes for regulations,
urban planning, traffic planning and not the least important, communication with
affected citizens.

it has been displayed how simple hover and overflight tests based on the EASA test
procedure is a useful as a basis for establishing source models for UAS with fixed
propulsion systems (non-tilting rotors, fixed pitch) for noise mapping purposes. The
source strength of those flight modes not covered by the tests may be extrapolated by
using a model tuned to the hover test data and adjusting the rotor speeds accordingly.

Methodology for assessing of measurement errors and associated uncertainty is highly
useful. Both in reference (EASA, 2023) and in ISO/FDIS 5305:2024, procedures for
estimating measurement uncertainty are given, including that associated with
measurement repeatability, UAV positioning accuracy, wind speed etc.

For situations where directivity information is essential, e.g. when landing sites are in
the close vicinity of buildings, lab measured directivity data for similar UAS can be
applied to augment the field-tested data. Potentially also CAA models can provide
directivity data and complement field tests.

When purchasing drones, or UAM logistics services with a given routing and approach
sites, noise simulation results can be used to set noise limits on the UAS systems, e.g.
based on the EASA test standard.

It is also shown how simplified physics-based models, based on rotor properties such
as tip speed, diameter, and pitch can be used to complement test data for derivation
of source models, and to support vehicle design optimization work regarding noise
generation. The simple scaling law model for vortex noise manages to predict the
measured sound power of a wide range of multicopters and VTOLSs surprisingly well,
despite that the tonal part of the spectrum is not accounted for.
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APPENDIX A: STATISTICAL CURVE FITTING DATA OF MEASURED
DIRECTIVITY FIELD

Experimental data sets measured for five small multicopter UAVs (Heutschi et.al 2021) were
fitted with the least absolute residual robust (LAR) method using Matlab® to a surface spanned


https://docs.google.com/document/d/1OhJqkSLCMbYAqSwZzUtK1rZXEuKq-0t1lsiLvkwUIRg/edit?tab=t.0#heading=h.jgf2gil0aqs1

by a fourth order polynomial in the frequency domain and to a second order polynomial in the
¢@-domain such that,

ALp(f,®) = Poo + Prof + Po1® + P20f* + P11f@ + Do29? + paof> +
P21f2@ + Pi2f 0* + Paof9* + p31f>0 + paaf 20> (A1)

The numerical values of the polynomial best fit coefficients, together with lower and upper 95%
confidence bounds are shown in Table A1.

Table A1: Polynomial coefficients and 95% confidence bounds.

Coefficient Lower bound Upper bound
Poo | -0.4271 -1.357 0.5024
P1o | -0.002706  -0.003948 -0.001463
Po1 | -0.007582  -0.05462 0.03945
P2o | 3.639e-07  -5.738e-08 7.853e-07
P11 | -0.0001051 (-0.000137 -7.329e-05
Poz | -0.0002702 -0.0002903 0.0008307
P3o | -1.116e-11  -6.349e-11 4.118e-11
P21 | 1.294e-08  8.508e-09 1.738e-08
P12 | -6.038e-07  -9.424e-07 -2.653e-07
Pao | -2.325e-16  -2.368e-15 1.903e-15
P31 | 4.27e-13 -6.364e-13 -2.177e-13
P22 | 4.462e-11 1.473e-11 7.45e-11

In Figure A1 the polynomial function is plotted together with the test data to illustrate the fit.
The overall coefficient of determination is R?=0.88.

Lw [dB] (gain)

— -8
Y s B0 T l
40

* measured sound levels

Frequency [Hz]

Polar angle [degrees]

Figure A1. Polynomial A1 function plotted together with the test data to illustrate the fit.

APPENDIX B: SOUND POWER CALCULATIONS

The apparent sound power level of an unknown point source above a semi-reflecting
plane can be calculated from measured sound pressure data from,

Ly =L, +10-log(r*) 4+ 10 - log(4m) — Cg, (B1)



where L, is the measured sound pressure level, ris the distance between the source

and the receiver, and Cy is a frequency-dependent function associated with the ground
absorption. Atmospheric effects are neglected.

For the EASA measurement case, all acoustic energy is assumed to be reflected by
the metallic plate, and Cz= 6 dB. In the general case Cy depends on the ground
properties and is frequency dependent.

For the flagpole measurements, the complex sound pressure at the receiver position
can be written as the sum of the direct and the reflected wave,
o—ikR o~ ikRy

Protal = Pdirect + Preflected or DProtal () = W +R, ?Rl , (Bz)

where R; and R, are the distances from the source and from the image source to the
receiver, and R, is the plane wave reflection coefficient, and k is the wavenumber.

Let the source be at position ry = (xg, ys, Z5) , the receiver at r = (x, y, z) and the image
source at ry jmqge = (X5, Y5, —2Zs). Then, the direct path distance is

Ry = |r —ry =\/(x_xs)2+(y_ys)2+(z_zs)2’ (B3)
and the image path distance is,
R, =|r— rs_imagel = \/(x —x:)2+ (y —¥5)? + (z + z5)2. (B4)

See further Figure B1 below.

source direct path R1 microphone
(x5, Y5, Z5) (x,v,2)

reflected path R2

o~ image source (x, Y5, —Z)

Figure B1. Schematic sketch of the test situation for the investigation tests.

The plane wave reflection coefficient can be written as,

__Zcosa—Zy
P Zcosa+z,’

(B3)

with Z being the impedance of the ground, a the angle of incidence and Z, = pc being
the specific impedance of air. In the results presented below, the impedance model of
reference (Delaney & Bazley,1970) is applied with the ground properties of the grass
field described by a flow resistivity of ¢ = 200 kRayls [kPa-s/m].

In Figure B2 the difference between calculations with and without grass ground are
shown in nargw and in one-third octave frequency bands with a white noise source at
(0,0,10) m and the microphone at (25,0,10) m. These data correspond to the Cjy
function of Equation (B1). The solution is approximate in the sense that the ground is
assumed to be locally reactive, and that the wave front is assumed to be plane which
holds for kR, > 1, that is at high frequencies.
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Figure B2. Left: Calculated narrow band sound levels with and without ground. Right: Sound level
differences in one-third octave frequency bands, corresponding to the Cy function of Equation B1.



