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SUMMARY
We report on using aircraft-induced ground motions to estimate properties of the near-surface medium and also to calculate flight parameters of aircraft. We analyze the characteristics
of aircraft-induced signals recorded with a joint 3-C geophone
and smartphone array, deployed in the National University of
Singapore (NUS) campus for traffic monitoring purposes. Using time-frequency analysis, we identify clear ground motion
signal induced by a nearby commercial aircraft in the spectrogram of the seismic data in the 50-300 Hz frequency band.
The aircraft-induced ground motions are transmitted from the
sound wave generated by aircraft engines and can be used for
estimating elastic properties of the near-surface. We propose
using the Doppler effect to obtain aircraft flight parameters including speed, direction and distance from seismic recordings.
This experiment shows that low-flying aircraft provide a potential source for high spatial resolution near-surface seismic
investigation, as well as that the geophones can be used to detect aircraft and monitor flight parameters.

INTRODUCTION
In urban areas, where the use of active seismic sources is usually prohibited, passive seismic acquisition is a common tool
for conducting urban seismic surveys. Passive seismic energy in urban areas, linked to anthropogenic activities such as
quarry blasts (Fang et al., 2020) and urban traffic (Riahi and
Gerstoft, 2015), has received more and more interest both for
its natural characteristics but also as a probing signal for subsurface seismic investigation. Recently, both geophone and
optical fiber sensing arrays (Chang et al., 2016; Dou et al.,
2017; Zhang et al., 2019) have been used to record the ambient
noise field dominated by urban traffic-induced surface seismic
waves for site investigation. At the same time, moving ground
sources such as subways and vehicles are studied and tracked
through the use of spatiotemporal analysis (Riahi and Gerstoft,
2015).
Seismologists have shown evidence of observing aircraft-induced
ground motions with seismic instruments. Previous research
focuses on the seismic effects of sonic booms to study potential damage to ground facilities and buildings (Oliver and
Isacks, 1962; McDonald and Goforth, 1969). These studies
reported that the ground motions are linearly related to the
maximum pressure of the boom and to the geological properties of the ground. Sound radiated by low-flying aircraft and
recorded with acoustic sensors has been used for aircraft detection, tracking and classification (Sutin et al., 2013; Sedunov
et al., 2016). With the increasing number of high-density seismic stations in cities and the corresponding increase in aircraftinduced signals observed by these stations, two questions are
raised: Can ground motions generated by aircraft be used to
understand the near-surface material properties? Can we use

the aircraft-induced seismic energy for aircraft detection and
flight parameter estimation?
In this work we study the aircraft-induced seismic and sound
energy recorded with a joint 3-C geophone and smartphone array. We first introduce how the data are acquired. Next, we
characterize the signals generated by the aircraft using timefrequency analysis. Additionally, we analyze the feasibility of
using aircraft-induced sound and seismic signals to estimate
the transmission coefficient of the air-ground interface. Finally, we present a method to calculate flight parameters from
seismic recordings using the Doppler effect.

JOINT GEOPHONE AND SMARTPHONE EXPERIMENT
AT NUS CAMPUS
The data are acquired by a joint geophone and smartphone array on the National University of Singapore (NUS) campus on
December 4, 2019. The array comprises 12 three-component
geophones (SmartSolo IGU-16HR 3C with 5Hz corner frequency) and 7 smartphones of various models (iPhone 6S, 7,
7Plus, MI MaxII, Redmi Note 4X). Figure 1 shows the array
layout. The geophones (denoted by green dots) were planted in
soil along Kent Ridge Cres with a 10 m spacing and recorded
with a sampling frequency of 1000 Hz. The smartphones (denoted by orange arrows) are held by students standing next to
the corresponding geophones and record both video and audio signals. The audios are recorded at 44.1 kHz or 48 kHz
depending on the smartphone model.
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Figure 1: Layout of the joint geophone and smartphone experiment at NUS campus. Green dots denote the three-component
geophones labeled by the channel number. The geophone Zcomponent is vertically down, the N-component is parallel to
the road and the E-component is perpendicular to it. The arrows denotes the position of the person holding the smartphone
and standing next to the corresponding geophones. The blue
dotted arrow denotes the civil airliner’s flight trajectory as described by witnesses on site, and is not a precise description
the path the airplane took.

Seismic aircraft footprint
We recorded 15 minutes of data. Figures 2a and 2b show selected 800 seconds of the geophone Z-component and audio
recording respectively, where the audio recording is extracted
from the smartphone video and downsampled to the same sampling rate as the seismic recording. Based on the video information, we know that the large amplitude events that occur simultaneously in the audio and seismic recordings are
mainly caused by moving ground-based vehicles (including
cars, busses, vans, trucks and bikes). The seismic and sound
recordings exhibit different frequency and amplitude characteristics for the same traffic events. In general, the seismic
recording shows higher signal-to-noise ratio (SNR) and better
spatial coherence than the smartphone audio data. We attribute
this difference to the following two factors: (1) The audio signal is strongly contaminated by wind and human speech noise,
both of which do not generate strong ground motions. (2) The
inconsistency in the commodity MEMS microphones and corresponding audio processing in different smartphones. Therefore, only the geophone data are used for array processing in
the subsequent data analysis.
(a)

ing overhead. The aircraft sound is identified while listening
to the recorded audio data. Although the video footage of the
aircraft is not recorded, according to witnesses’ recollection
the general direction of the aircraft’s flight is marked with the
blue dashed arrow in Figure 1.
From Figure 2c we see that the aircraft signal is much stronger
than the road traffic signal in the audio recordings. However,
the geophone data are overwhelmed with ground-based traffic
signal, and one can barely identify the airplane signal from the
displacements in any of the three directions. In the subsequent
sections, we uncover the aircraft signal in the geophone data
and demonstrate that it can be used to provide information to
both the near surface soil property and the aircraft itself.

CHARACTERIZING AIRCRAFT-INDUCED GROUND MOTIONS
Figures 3a-3d are the power spectrograms of the data components shown in Figure 2c, obtained by applying short-time FFT
(STFT) to the data. On the power spectrograms of the audio
recordings, the strongest energy corresponds to the fundamental harmonic of the aircraft signal, whose frequency reduces
from 95 Hz to 55 Hz as time goes from 314 s to 326 s. Another two higher order harmonics are also visible, albeit with
much lower energy. The ground-based traffic generates broadband audio signals that are slightly stronger than the ambient
audio noise. As already shown in the time domain represen(a)
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Figure 2: Comparison between the waveforms of (a) audio
recorded by smartphone with (b) the geophone Z-component.
(c) The waveforms of audio and three-component geophone
recordings at channel 6 between 300 s and 340 s, labeled by
the related events.
Figure 2c compares the recordings of audio and the three component displacements between 300 s and 340 s at channel 6.
The data are labeled according to the video recordings. Though
this experiment is primarily designed to record ground-based
traffic data, we happen to pick up the roar from an aircraft pass-

Figure 3: Comparison of the spectrograms of (a) audio and
(b) geophone Z-component, (c) E-component and (d) Ncomponent recorded at channel 6. The spectrograms are obtained by applying STFT with a Tukey window (0.256 s window length, 8% overlap). The amplitudes indicate Power
Spectral Density (PSD) in dB.
tations, the spectrograms of the geophone recordings provide
better temporal resolution and SNR for the ground-based traffic signals.
The aircraft signal, which seems to be undistinguishable in the
time domain presentation, is clearly visible on the power spectrograms of all three components. Since the aircraft was cruising at a high altitude of several hundred meters prior to landing, the sound wave mostly impacted vertically. Consequently,
the ground motion is stronger on the vertical component than
in the two horizontal components.

Seismic aircraft footprint
Figure 4a shows the waveforms of aircraft-induced ground motions in Z component, after applying a 50 - 300 Hz band-pass
filter and zooming into a smaller time range from t = 314 s to
t = 326 s to remove interference from the ground-based traffic signal. Taking channel 1 as the master channel and crosscorrelating it with all other channels, we obtain the cross-correlogram shown in Figure 4b. There is a slight shift of the
waveform arrival time along the array. We observe that there
is no significant waveform dispersion in the cross-correlogram.
This indicates that the observed aircraft seismic signals are
coming from sound waves generated by the aircraft’s engines
and transmitted at the air-ground interface. This observation
also provides a reasonable explanation why aircraft signals are
more clearly recorded by the seismic vertical component than
the horizontal components. By applying a linear least-square
fitting on the time shifts in cross-correlogram, we estimate the
apparent velocity of the aircraft sound wave to be approximately 1308 m/s.
(a)

the maximum amplitude from corresponding deconvolution results, which are plotted with the dashed lines in Figure 5b. The
audio recordings are normalized before applying deconvolution to remove the inconsistency in amplitude caused by the
different microphones. The solid line in Figure 5b denotes the
average value of the dashed lines. These lines show a similar
trend which indicates an amplitude anomaly around 90 meters. Noted that the numbers shown in the Figure 5b do not
mean the actual transmission coefficients, but values normalized to between 0 and 1. After deconvolving the sound signal
from seismic signal, we can obtain an approximation of the
spatial variation of the transmission coefficient, which reflects
the variation of velocity and density of the near surface soil.
Since aircrafts cruise at a high altitude, we assume the incident
sound wave is a plane wave and treat each geophone individually to provide point-wise relative soil property variation.
(a)

(b)
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Figure 4: (a) aircraft-induced ground vibration in geophone Zcomponent recording (after applying a 50 - 300 Hz band-pass
filter.) (b) Cross-correlogram of (a) taking channel 1 as the
master trace.

HIGH RESOLUTION NEAR SURFACE PROPERTY VARIATION
Considering the altitude of the aircraft and the size of the array,
we assume a normal-incidence planar sound-wave impinging
on the air-ground interface. The transmission coefficient of
sound is defined by the ratio of the amplitude of the transmitted P-wave to the amplitude of the incident sound wave,
T = AT /AI . We use seismic Z component to approximate the
transmitted P wave in soil. The transmission coefficient can be
approximated by the following deconvolution,

Di (ω) =

Zi (ω)S∗ (ω)
,
∗
S(ω)S (ω) + ε hS(ω)S∗ (ω)i

(1)

where Zi (ω) is the observed Z-component seismic signal at
channel i, S(ω) denotes the sound signal, h·i is the mean value
function, and ε is a regularization parameter.
Figure 5a shows the deconvolution result obtained by deconvolving the sound wave recorded at channel 1, with ε=0.1.
The audio recording with different smartphones can be seen
as multiple measurements of the incident aircraft sound wave.
We apply equation 1 to each of the audio recordings and pick

Figure 5: (a) The result of deconvolving sound wave recorded
at channel 1 from seismic recording shown in Figure 4a. (b)
The maximum value of deconvolution resulting from deconvolving the acoustic signals from the vertical geophone signals
at all stations. The blue solid line denotes the average value of
the dashed lines.

FLIGHT PARAMETERS ESTIMATION
An interesting observation in this experiment is the Doppler
frequency shift shown in both the audio and the seismic recordings (see Figures 3a-3b). The Doppler effect shifts the true
source frequency to a higher observed frequency as the source
approaches an observer, and shifts the observed source frequency down as the source recedes from the observer. The airground coupling transmits the Doppler effect of the aircraft’s
flight from the acoustic air signal to the seismic ground signal.
Since the Doppler frequency shift is determined by the speed
of the aircraft and by the orientation of the aircraft’s heading

Seismic aircraft footprint
relative to the geophone location, we propose using the observed Doppler effect in the seismic recording to estimate the
aircraft’s flight parameters.

• Closest distance h: 701.3 m
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Note that the first four parameters can be obtained with one
single geophone. After consulting a professional pilot, we believe that these obtained flight parameters are within a reasonable range. It is most likely the recorded seismic signal
originated from a passenger plane maintaining a holding pattern before landing at Changi airport, when it just passed our
observation array. To the best of our knowledge, this is the
first practical example of using seismic data to estimate aircraft flight parameters.
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Figure 6: Schematic diagram of the aircraft passing the geophone array.
A schematic diagram of the aircraft passing the geophone array is illustrated in Figure 6. We assume that the aircraft moves
with a constant speed v along a straight line, emiting narrowband sound with a constant frequency f0 . Point A represents
the initial position where the time t is set to be zero. The observed frequency f at geophone (denoted by triangles in Figure 6) can be described by the following formula (Gill, 1965),
c
f = f0
,
(2)
c − v · cos(α(t))
where f0 is the emitted frequency from the source, c denotes
speed of sound in air (established as 340 m/s), and α stands
for the angle between the vector of aircraft’s velocity ~v and
~ While
the vector connecting the aircraft and the geophone d.
taking into account that,
r(t)
s − vt
,
cos α(t) =
=p
2
d(t)
h − (s − vt)2

(3)

where s denotes the flight distance from the initial position to
the position closest to the geophone, h denotes the vector between the aircraft and the point where it is closest to the geophone, we can obtain the observed frequency by

p

h2 + (s − vt)2
f = f0 p
.
2
c h + (s − vt)2 − v(s − vt)
c

(4)

We estimate the unknowns of f0 , v, s and h by using equation 4 to fit the the Doppler effect observed in the spectrogram of the seismic recording. In Figure 7 the red dots are
manually picked observed frequencies of the aircraft at different times. The blue dashed line denotes the nonlinear fitting
curve to the dots. Considering the apparent speed of the aircraft v p measured from seismic cross-correlogram and the v
obtained by nonlinear fitting, we can calculate the angle between the flight direction and the seismic array (θ in Figure 6)
by θ = arccos(v/v p ). The estimated flight parameters are:
• Emitted frequency f0 : 69.2 Hz

Figure 7: Doppler effect shown in spectrogram of the first order harmonic observed at channel 6. The blue dashed line
denotes the nonlinear curve fitting of the picked peaks from
spectrogram.

CONCLUSIONS
A Investigation of the aircraft-induced ground motions observed
by three-component geophones suggests potential applications
for estimating elastic properties of the near surface and simultaneously for aircraft detection and monitoring. The vertical
geophone component is more sensitive to the aircraft signals
than the horizontal components. High spatial resolution estimation of the transmission coefficient variation at the airground interface can be obtained by a deconvolution method.
By fitting the observed Doppler effect in seismic recording, we
proposed a new way to estimate aircraft flight parameters with
geophone data.
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