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The use of small Unmanned Aircraft Systems (sUAS) in wildlife
monitoring (Fust & Loos, 2019) and marine animal research (Aniceto et al., 2018;
Adame et al., 2017; Douglas et al., 2017; Fiori et al., 2017; Goebel et al., 2010;
Krause et al., 2017; Marine Mammal Commission, 2016; Seymour et al., 2017;
Schofield et al., 2019; Sorrel et al., 2019) have been studied, along with costbenefits analyses (MMC, 2016; Raoult et al., 2020). Unmanned aircraft allow
access to remote and rugged terrain, enable data collection at a lower cost than
traditional aerial methods, and permit observation of species wary of human
presence. They have been used to measure reproduction, body condition, and
population counts of marine mammals, including pinnipeds. Pinnipeds
(Pinnipedia) are comprised of three families; Phocidae (seals), Otariidae (sea
lions), and Odobenidae (walruses).
The use of sUAS for entangled/stranded pinniped response efforts has been
recommended (MMC, 2016), but not been consistently implemented; therefore,
further research is warranted. Unmanned aircraft could be beneficial in pinniped
response efforts by allowing the response team to monitor target individual(s) from
a safe distance in hard-to-reach locations without disturbing the individual(s) or
conspecifics at haul-out sites. Previous studies have shown that pinnipeds have a
variety of reactions to the presence of sUAS in their immediate vicinity. Pinniped
reactions may include; no response, looking in the direction of the aircraft, or
fleeing into the water (Adame et al., 2017; Islam et al., 2017; McIntosh et al., 2018;
MMC, 2016; Raoult et al., 2020; Smith et al., 2017). The sound pressure level
(SPL) generated by the sUAS and the environment’s ambient noise have not been
uniformly reported during occurrences of pinniped sUAS reaction, but must be
considered prior to aircraft employment.
The purpose of this research was to develop acoustic profiles of multiple
sUAS, across a range of distance and altitude from the subject, to provide
information to the marine mammal research community on the SPL of various
sUAS. In addition, the results from this exploratory field study were used to create
flight envelopes (altitude and distance) based on noise levels below the ambient
noise floor. The study provides a reference point for potential noninvasive use of
sUAS for pinniped and other wildlife applications. The specific research questions
were:
1. To what extent does altitude and distance affect the SPL created by a
stationary sUAS?
2. To what extent does aircraft type affect the SPL created by a stationary
sUAS?
3. At what SPL below the ambient coastal ocean noise does a sUAS become
inaudible?
The acoustic profiles were developed using both quantitative and qualitative
measures. Quantitative measures included a Type 2 data logging microphone as
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well as a wide-spectrum microphone connected to an auditory spectrum analyzer.
Qualitative measures took the form of subjective judgment by human participants,
rendered on a six-point scale, to assess the perceived sound of the aircraft relative
to the background noise of the environment.
This research was conducted in two phases. Phase-1 occurred in a secluded
rural environment selected for its relative absence of human generated noise, as
well as a consistent, quiet background noise. The purpose of Phase-1 was to
determine the acoustic characteristics of each aircraft in a controlled field
environment. Phase-2 occurred in a coastal environment typical of where pinnipeds
are found, being a mix of sandy beaches and large boulders. The coastal
environment ambient SPL was significantly higher than the rural environment.
During Phase-1, nine aircraft were tested. However, owing to a common
airframe design among several platforms built by the same manufacturer with
different sensor payloads, results were effectively obtained for a dozen aircraft.
During Phase-2, the four aircrafts found to produce the lowest SPL disturbance
during Phase-1 were subject to the additional testing.
This research aimed to provide information to the marine mammal
community, specifically pinniped response efforts, on the SPL of various drones.
The SPLs can be used as a resource when selecting a drone and defining a flight
envelope (i.e., range and altitude away from the subject), that could prevent a
disturbance or flee response while optimizing visual information. Even though this
project was designed to monitor pinnipeds, the information gathered on the SPL of
various drones and flight envelopes may be applicable to many wildlife research
and response efforts.
Materials and Methods
Limitations, Delimitations, and Assumptions
There were several limitations to this exploratory field study. The
limitations included access to test aircraft, research instrumentation, and test area
intrusion by vehicles, aircraft, boats, and individuals. The test aircraft were a mix
of University owned aircraft and personal aircraft. While this included many
popular models, several aircraft were not available for testing. The research did not
utilize multiple sound measurement devices to remove errors associated with
instrumentation. Although the results were consistent, additional measurement
devices were desired. During both Phase-1 and Phase-2, every attempt was made
to eliminate human generated noise by suspending data collection while vehicles
and individuals transited the area, however they may have influenced some of the
results.
This study was delimited by the specific requirements for fieldwork.
Specifically, the aircraft cost less than $3,000USD, is portable by one person,
capable of hand launch and recovery, support 4k video, and allows real-time
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identification of injured/entangled wildlife. While the Inspire-2 was at the limit of
these parameters, it was included due to the large quantity of available sensor
options and the common use of similar platforms in the field.
There were several assumptions in the study. Through earlier tests, the main
aircraft noise was assumed to be below 6,000 Hz. This is consistent with Feight
(2014) which determined the majority of sound pressure came from motor noise
and blade passing frequency and occurred in the 600-6,000 Hz range. Kloet et al.’s
(2017) findings were similar in that the majority of the noise was generated in the
650 - 2,110 Hz range. Although harmonics were seen at higher frequencies, the
intensity of those harmonics were significantly lower than the main disturbance
above 6,000 Hz. Since some species of pinnipeds are known for auditory response
above the human limit of approximately 22,000 Hz, it was assumed that the noise
from the aircraft above 22,000 Hz was negligible.
Kloet et al. (2017) concluded that the noise levels varied slightly at different
positions around the sUAS. The variation was not considered in this exploratory
field study. Therefore, it was assumed that the sound pressure was the same
regardless of aircraft orientation (i.e., the direction the aircraft was pointing
compared to the measurement sensor). Also, it was assumed that the unique noise
signature of a drone could be recognized by pinnipeds even though the aircraft noise
was below the ambient background (Holt & Schusterman, 2006). Finally, the
aircraft parameters used during the test were assumed to be correct. While the
position may vary, it was assumed that the telemetry indications on each aircraft’s
ground control station (GCS) were correct and that each aircraft was positioned
correctly at each data collection point.
Materials
The materials included a Type 2 Sound Level Meter and accompanying
computer software, an acoustic spectrum analyzer, various microphones, an
anemometer, and test aircraft. The sound meter was a Reed 8080 data logging
microphone calibrated for frequencies between 20-8,000 Hz with an accuracy of
±1.4 dB. This Type 2 microphone is commonly used for general fieldwork and
studies (Malchaire, 2001). In accordance with microphones used in studies on
marine mammal audiometry (Ruser et al., 2014) and SPL of sUAS for use in marine
mammal studies (Palomino‐González, et al., 2021) all SPL measurements were Aweighted (re 20 µPa) using standard fast (0.125 s) exponential time-averaging per
industrial environmental noise standards. Several microphones were tested for
frequency response input to the spectrum analyzer. The microphone that exhibited
the widest frequency response was selected and exhibited adequate response up to
the spectrum analyzer limit of 22,000 Hz.
The aircraft tested included:
● Autel Evo
● DJI Inspire-2
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●
●
●
●
●
●
●

DJI Mavic 2 Zoom (with aftermarket low noise propellers)
DJI Mavic Pro (with aftermarket low noise propellers)
DJI Phantom 4 Pro
Parrot Anafi
PowerVision PowerEgg X
Skydio 2
Yuneec Typhoon H

Note: Although not flown during this test, the Mavic 2 Pro and Mavic 2 Enterprise Dual
are assumed to have similar acoustic characteristics to the Mavic 2 Zoom.

Aftermarket propellers, advertised to reduce noise, were used where
available. The DJI Mavic 2 Zoom and Mavic Pro utilized Master Airscrew Stealth
propellers. Field tests indicated that a reduction of 1.5-2.5 dBA was realized
through use of the aftermarket propellers.
Data Collection
Data collection for Phase-1 took place in the U.S., near Eatonville, WA
(N46.858, W122.358) in an area with sparse road and air traffic. The location
proved ideal for data collection since the ambient noise did not vary more than ±2.0
dBA throughout the two-day collection period. During times of increased noise
(e.g., aircraft overhead, wind) the test was suspended until the source of the noise
departed the area and was no longer audible. The data collection for Phase-2 took
place in the U.S., near Grayland, WA (N46.737, W124.077) on the Pacific Ocean.
The only audible noise other than that created by waves was an occasional boat
passing through the area. The tests were suspended until the boats passed.
Data was recorded with the Type 2 microphone and spectrum analyzer, and
subjective ratings were made on a scale of 0-5. The rating categories were:
0 = Cannot hear aircraft
1 = Cannot continuously hear aircraft
2 = Can continuously hear aircraft but level similar to background
3 = Can continuously hear aircraft just above background noise
4 = Can continuously hear aircraft as most prominent noise
5 = Can continuously hear aircraft, difficult to hear background noise
Phase-1: Acoustic Characteristics in a Controlled Field Environment. The
objective of Phase-1 was to collect noise data from several aircraft to characterize
each aircraft’s signature at multiple positional locations (altitude and distance). The
secondary objective was to determine if the independent variables (altitude and
distance) could predict the dependent variable (SPL). The final objective was to
narrow the number of aircraft for use in Phase-2.
Phase-2: Acoustic Characteristics in Coastal Environment. The objective of
Phase-2 was to determine the extent of aircraft noise propagation in a coastal
environment. The four aircraft with the lowest acoustic signature were flown in the
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coastal environment. The aircraft included the DJI Mavic Pro, DJI Mavic-2 Zoom,
Parrot Anafi, and PowerEgg X. Each aircraft was flown and recorded at the same
altitude and distance positions used during Phase-1.
Results
Phase-1: Aircraft Acoustic Characteristics in a Controlled Field Environment.
Each aircraft was tested at 35 different positions ranging from 10 m directly
overhead to an altitude of 100 m and horizontal range from 0.0 m to 100 m. The
parameters for each collection position were determined through a pilot study based
on the location and instrumentation available. In all cases, more than 20 SPL
measurements were recorded by the R8080 at each of the 35 data collection
positions for each aircraft. The mean of each position for each aircraft was used to
generate the acoustic envelope displayed in Figure 1. Although this is an
unconventional use of the box plots, it illustrates the acoustic envelope of each
aircraft over all 35 collection points. Each boxplot can be interpreted as the
measured acoustic envelope for each aircraft (including outliers) at the tested
parameters.
Figure 1
Boxplot of all Data Points Plotted by Aircraft

Graphs for each aircraft at each specific altitude and distance were
generated to visualize the data. Figure 2 depicts the sound pressure levels at each
altitude based on horizontal distance for the Yuneec Typhoon H.
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Figure 2
Sound Pressure Level (dBA) Versus Distance (m) at Each Altitude (m) for the
Typhoon H
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The spectrum analyzer was not a calibrated instrument, and therefore, not
used for quantitative data collection. However, it proved to be an excellent tool to
visualize the noise generated by the aircraft.
Figure 3
Spectrum Trace of Phantom 4 Pro at 20 m Altitude and 40 m Horizontal Distance
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The waterfall history provided visual confirmation of the harmonics and
intensity. Similar to Feight (2014), the majority of the noise was generated from
the motor and blade passing frequency occurring in the 80-200 Hz area. The
harmonics between 380-800 Hz were identified as the highest magnitude SPL for
all aircraft as seen in Figure 3. For the Phantom 4 Pro, the highest sound pressure
occurred at 386 Hz. The harmonic intensity level can be seen fading in the 20006000 Hz area.
The aircraft with lower noise levels, as measured by the R8080, also
produced the weakest harmonics that were not detectable above approximately
1500 Hz as seen with the Mavic 2 Zoom in Figure 4. For comparison purposes, the
data in Figure 4 were measured at the same altitude and distance as Figure 3,
illustrating the difference in aircraft SPL footprints. The maximum noise level from
the Phantom 4 Pro (Figure 3) was 43.6 dBA while the Mavic 2 Zoom was 37.6 dBA
at the same distance and altitude. As the aircraft distance increased, the sound
pressure decreased as expected. Some of the aircraft became only intermittently
audible to the human ear at 100 m and were only noticeable because of the unique
sound of the aircraft. At those distances, the measured sound pressure was not
above the noise floor and the waterfall history confirmed only small traces of
aircraft generated sound. This was an important finding and directly applicable to
the Phase-2 testing. Figure 5 illustrates this result for the Mavic 2 Zoom at 20 m
altitude and 100 m horizontal distance.
Figure 4
Spectrum Trace of Mavic 2 Zoom at 20 m Altitude and 40 m Horizontal Distance
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Figure 5
Spectrum Trace of Mavic 2 Zoom at 20 m Altitude and 100 m Horizontal Distance

Plots were generated for each aircraft, at each altitude in an attempt to
visualize the comparison between aircraft. The results are shown in Figure 6 for all
aircraft at an altitude of 20 m. Based on the findings from Phase-1, the Mavic 2
Zoom, Mavic Pro, Anafi, and PowerEgg were selected for testing during Phase- 2.
Figure 6
Plot of Aircraft SPL Versus Horizontal Distance at 20 m Altitude by Aircraft Type
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Phase 2: Aircraft Acoustic Characteristics in Coastal Field Environment
The coastal field tests were conducted on the four aircraft with the lowest
acoustic signature throughout the tested flight envelope during Phase-1. This
included the Mavic Pro, Mavic 2 Zoom, Anafi, and PowerEgg. The location on the
Pacific Ocean provided a coastal area similar to where pinnipeds commonly gather.
The topography offered waves (estimated between 0.5-1.0 m) breaking on a sandy
beach and large rocks. There was a light onshore breeze measured between 0.0 –
2.2 meters per second.
The ambient ocean noise in the 20-8,000 Hz bandwidth varied between 59.0
and 63.3 dBA with a mean of 62.5 dBA. The maximum aircraft noise previously
recorded during the controlled field test (Phase-1) occurred with the aircraft directly
overhead at an altitude of 10 m. Of the four aircraft tested in Phase-2, all were below
the ambient noise by 4.4 to 9.4 dBA when 10 m directly overhead. As expected,
there was no significant difference in the R8080 measured noise of any aircraft in
the coastal environment since the highest SPL was environment related. There were
similar results with the spectrum analyzer with only a slight indication of aircraftcreated noise in the waterfall history as seen in Figure 7. The noise pressure peaked
in the 200-800 Hz range as shown by the light coloring (i.e., the ambient noise).
The ocean noise clearly obscured recordings of the aircraft with only faint vertical
waterfall history lines in the 200-600 Hz range and slight accompanying harmonics
visible between 1000-2000 Hz. Since the aircraft noise was below the ambient
levels and not detectable by the instrumentation, the Phase-2 measurement was
subjective and based on the researcher’s judgement and human hearing.
Figure 7
Spectrum Trace of Mavic 2 Zoom Directly Overhead at 10 m
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In all cases, the four aircraft were not continuously detectable by the
researchers at ranges of 60 m and beyond. The aircraft with the lowest subjective
noise footprints were the Mavic 2 Zoom and Anafi (both with the same scores).
Both aircraft became intermittent at a horizontal range of 20 m and not detectable
at 40 m and beyond. The subjective ratings for an altitude of 20 m are displayed in
Figure 8.
Figure 8
Noise Level Subjective Ratings in the Coastal Environment
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Note. No scores of “5” were recorded and therefore not included in this figure.

Discussion
The results highlight several areas for discussion. During the analysis of
Phase-1, several regressions were attempted in order to determine whether aircraft
noise could be reasonably predicted. The effect of the vertical angle from the rotor
disk was analyzed to determine if angle was a significant influence on noise. Phase2 allowed generalization of how aircraft-generated noise was obscured by the
natural coastal environment.
Phase 1: Aircraft Acoustic Characteristics in a Controlled Field Environment.
Regression models were generated using various independent variable
combinations to find the best predictor variable(s) yielding the highest prediction.
Analysis indicated that the best model fit was with a single independent variable,
total distance (i.e., the hypotenuse of the altitude-distance triangle). In all cases,
logarithmic regression of the total distance yielded the most accurate prediction of
any model. Figure 9 is a plot of the mean data points for the Typhoon H and the
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associated logarithmic regression equation. The total distance and noise level
showed a strong, logarithmic correlation, r(33) = .94, p < .001 as evident in Table
1. The other aircraft exhibited similar results albeit with lower R2 and all with a
significant logarithmic relationship as summarized in Table 2.
Figure 9
Plot of Sound Level Versus Total Distance for the Typhoon H and the Associated
Logarithmic Regression Curve

Table 1
Logarithmic Regression Model for the Typhoon H

Equation
Logarithmic
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R
Square
F
.886
256.866

df1
1

df2
33

Sig.
.000

Parameter Estimates
Constan
t
b1
87.134
10.378
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Table 2
Logarithmic Regression Results by Aircraft and Associated Values
Aircraft
Inspire-2
Phantom 4 Pro
Mavic Pro
Anafi
Evo
Typhoon H
Mavic 2 Zoom
SkyDio 2
PowerEgg X

Equation
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic

R Square
.712
.867
.776
.751
.663
.886
.798
.829
.690

F
81.761
215.975
108.018
99.723
64.826
256.866
130.552
159.682
73.425

Sig
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001

Further analysis of the model yielded interesting results in reference to the
vertical angle. When the angles were displayed along with the regression equations
in Figure 9, it was observed that the regression followed closely with the
measurements at a 45 degree angle. However, results for angles less than 45 degrees
were overestimated while the predictions for angles greater than 45 degrees were
underestimated. Referring to Figure 9, the majority of the data above the
logarithmic regression line were from angles greater than 45 degrees while the data
below the line are from angles less than 45 degrees.
Previous research found an increase in noise levels near the 45-degree angle
from the rotor disk to the observation point (Kloet et al., 2017). While this is
generally consistent with the current study, the data further indicates that there is a
general increase in noise as the angle increases. This may be due to the field
environment of the study where, at lower angles, there was more ground
interference (e.g., trees, terrain, rocks) working to scatter/absorb the sound
propagation. Several model corrections were applied that included angle, some of
which yielded a more accurate prediction of noise than the logarithmic regression
alone.
Phase 2: Aircraft Acoustic Characteristics in Coastal Field Environment
During Phase-2 testing, it became clear that the aircraft could still be heard
when the aircraft noise was below the ambient SPL. The unique noise
characteristics created by the motors and blades as well as the spatial release from
masking (Holt & Schusterman, 2006) allow the aircraft to be identified in the lower
frequencies while fading at the higher harmonics. The environmental noise,
although at a higher level than the aircraft, did not obscure the drone noise until
there was a large difference between the two levels.
The subjective ratings from Phase-2 were used to determine how the
ambient noise obscured the aircraft noise. Since the aircraft generated sound
pressure at various altitudes and distances were measured in Phase-1, it was
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possible to calculate how far below the ambient noise each aircraft was operating
at a specific position during Phase-2, as depicted in Figure 10. Since the aircraft
noise can be predicted, calculating the difference between the ambient noise and
predicted aircraft noise allowed a comparison to the researcher’s subjective values
during Phase-2.
Figure 10
Predicted Aircraft Noise Level Below Ambient Noise

Comparing the controlled field test SPL (Phase-1) to the subjective coastal
data (Phase-2) indicates that the aircraft were detectable by human hearing even
when the aircraft noise was 15 dBA less than the ambient noise (i.e., Delta = -15
dBA), although only slightly and not by all observers. Additionally, the data shows
that only predicted SPL 20dBA below the ambient noise resulted in a score of zero.
Although this data is subjective and speculatory, it indicates that the coastal
environment can completely mask aircraft noise to human hearing. The subjective
ratings and the predicted decibel level below the ambient noise were found to be
strongly correlated, r(140) = .873, p < .001. The boxplots of the subjective ratings
as a function of the value below the ambient noise are illustrated in Figure 11.
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Figure 11
Boxplot of the Subjective Ratings as a Function of the Predicted dBA Below the
Ambient Noise

Note. No subjective ratings of 5 were observed in Phase-2; based on human hearing
response.

There are some interesting connotations with these results. These data
indicate that a score of “0” (i.e., aircraft cannot be heard at all) only occurred when
the measured aircraft noise was at least 20 dBA below the ambient noise. The
means of both category 0 and 1 occurred when the aircraft noise is 26.1 dBA and
22.2 dBA below the ambient noise, respectively. Further, the mean score of 3 and
4 occurred when the SPL delta was 15 dBA or greater. The subjective ratings in
this research are based on human hearing. However, these results, when considered
with findings of other studies (Holt & Schusterman 2006; Southall et al., 2003),
could be used to create an envelope for aircraft operation based on pinniped’s
ability to distinguish acoustic signals in a noisy marine environment.
The data from Phase-1 can now be combined with Phase-2 to develop an
operational envelope. For example, should the ability to distinguish acoustic signals
in a noisy environment of particular wildlife be known, then an acceptable
operating region could be calculated given the ambient SPL. This envelope is based
on the difference between the ambient noise and the predicted aircraft noise. For
the Mavic Pro flying in a very quiet environment (35 dBA) an example envelope is
displayed in Figure 12. For the same aircraft in an environment similar to that tested
during Phase-2 (62.5 dBA), the envelope is expanded as illustrated in Figure 13.
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The data inside of each cell represents aircraft noise level in dBA (re 20 µPa) above
(+) or below (-) the ambient SPL.
Figure 12
Calculated Envelope for Mavic Pro with 35 dBA Ambient Noise

Note. Color coding for illustration purposes only.

Figure 13
Calculated Envelope for Mavic Pro in 62.5 dBA Ambient Noise Environment

Note. Color coding for illustration purposes only.
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These envelopes (i.e., color coding) are for example purposes only.
However, if the wildlife hearing response is known, it could be applied to yield an
acceptable envelope. In this example, fully green is set to a -20 dBA difference
between the aircraft and ambient SPL, yellow set to -2 dBA, and fully red at +10
dBA and above. However, it is important to note that these envelopes only consider
a single sensing point. While these envelopes may be appropriate for a single
isolated individual, they may not apply to areas with pinniped aggregates or groups
of wildlife, except for the vertical component.
Two other variables were not fully explored. The wind during the collection
periods was light and variable and was not considered to influence the results.
However, during the pilot study, winds up to 7 m/s were experienced and
anecdotally appeared to influence the noise propagation; particularly decreasing the
SPL when the aircraft is downwind of the sensor. If possible, an approach to
wildlife should take the wind into consideration. Making an approach from
downwind of the wildlife will ensure the lowest noise possible. Also, aircraft
movement was restricted during these tests and limited to hovering only.
Aircraft maneuvers change the acoustic footprint of any sUAS. Abrupt,
rapid control inputs should be avoided since they will cause more aggressive
braking actions by the aircraft causing higher SPLs. If operationally feasible,
aircraft maneuvering while near wildlife should be in a slow, non-abrupt fashion.
Some aircraft allow adjustable settings (e.g., video or sport) and even adjustment
of braking intensity, which should be adjusted to minimize rapid maneuvers as
described in Raoult et al. (2020).
Further research is necessary to determine at which level specific wildlife
negatively respond to the aircraft noise. With this information, acoustic safety
envelopes can be developed taking the hearing response of the specific wildlife into
account. Additionally, the transmitted drone noise below the water’s surface should
be studied. While this research measured SPL in an open-air environment, the level
of sound pressure transitioning into a seawater medium may vary drastically and
should be studies; especially for wildlife habitats that exist near the water’s surface.
While light does not penetrate water as fast as in air, acoustic pressure is transmitted
approximately five-times faster in seawater depending on temperature, salinity, and
depth.
Conclusion
Nine sUAS were tested in Phase-1 and the four producing the lowest overall
SPLs were flown in Phase-2: DJI Mavic Pro, DJI Mavic-2 Zoom/Pro/Enterprise
Dual, Parrot Anafi, and PowerVision PowerEgg X. The drones developing the
lowest SPLs were the Mavic 2 Zoom/Pro/Enterprise Dual equipped with
aftermarket propellers, and the Parrot Anafi with OEM propellers. In all cases, the
aircraft generated SPL was strongly logarithmically correlated to the total slantrange distance. Using the logarithmic regression, the SPL for the tested drones was
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predicted and can be used to determine an acceptable envelope to be based for the
specific wildlife being monitored.
The sUAS noise was detectable even when operating well below the
ambient noise level. The unique noise and harmonics created by the drone allowed
detection based on sound characteristics not native to the marine environment.
During Phase-2, the tested aircraft became intermittently detected or not detected
at all when the predicted SPL was 23.0 dBA or more below the ambient coastal
noise level (62.5 dBA).
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