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Abstract We observe frequent air traffic events in continuous seismic waveforms recorded for about
30 days by 1,108 vertical geophones in a tight array on the San Jacinto fault zone. The waveforms of the
air traffic events resemble tremor or collections of small earthquakes. However, time-frequency analysis
reveals clear Doppler effects that can be modeled with basic equations and fitted well with parameters
corresponding to airplanes and helicopters. The flying traces can be inverted by fitting the parameters at
each station across the entire array. About 31 air traffic events are detected per day in the relatively remote
study area, with peak activity from about 8:00 to 18:00 and significantly fewer events between 23:00 and
4:00 local time. The average event duration is about 200 s, so they cover together>7% of the day. To estimate
the total time covered by earthquakes, we derive a scaling relation logτ(M) = 0.41M + 0.89 between
earthquake duration and magnitudes using data of 266 earthquakes in the magnitude range 0 ≤ M ≤ 3. The
results indicate that in most places, the duration of air traffic events is likely to exceed considerably the total
time covered by earthquakes.

1. Introduction

The growing quantity and quality of continuous waveforms recorded by seismic networks and temporary
arrays at various scales, coupled with improved sensors and processing techniques, provide increasing
opportunities for detection and analyses of weak sources of groundmotion. Detection and analyses of events
with signal-to-noise (SNR) ratios below 1 is now commonly done in studies of earthquakes, tremor, and
induced seismicity around the world (e.g., Chen et al., 2017; Ross et al., 2017; Shelly et al., 2007; Zigone
et al., 2012). The association of weak signals with SNR ≤ 1 with genuine seismic sources below the surface
(earthquakes and tremor) requires detailed understanding of the differences between such events and
sources of energy at and above the surface. These include various types of cultural noise at the surface
(e.g., cars and trains), interactions of the wind with surface structures, and sources in the atmosphere (e.g.,
storms and air traffic).

In addition to developing reliable catalogs of weak subsurface seismic events, the ability to detect and classify
different sources that produce small episodic groundmotion is important for tomographic imaging based on
the ambient seismic noise. These studies, which are now done routinely in many environments (e.g., Campillo
et al., 2011; Nakata et al., 2015), require a diffuse wavefield (e.g., Shapiro et al., 2000; Weaver, 1982) and
removal from observed waveforms of all other sources (e.g., Bensen et al., 2007). More generally, detailed
characterization of different types of common sources of ground motion contributes to a more complete
understanding of the observed seismic waveforms.

In the present work we quantify characteristics of airplane and helicopter signals recorded by a dense seismic
array with 1,108 vertical ZLand geophones (10 Hz) centered on the Clark branch of the San Jacinto fault zone
(SJFZ) at the Sage Brush Flat (SGB) site southeast of Anza, California (red box Figure 1a). The array recorded
continuously at 500 Hz from 7 May 2014 to 13 June 2014 and covered an area of about 600 m × 600 m
(Figure 1c) with nominal sensor spacing of 10 m normal to the fault and 30 m along strike (Ben-Zion et al.,
2015). The array data have been used for detailed imaging of the fault zone structure based on the ambient
seismic noise (Hillers et al., 2016; Roux et al., 2016) and detection of microearthquakes (Gradon et al., 2017;
Meng & Ben-Zion, 2018). The focus in the present work on air traffic events is complementary to these
studies. In addition to data of the dense ZLand array, we examine waveforms recorded by a borehole senor
~150 m deep at station B946 (green triangle in Figure 1c), and use data of a strong ground motion station
SGBF0 (yellow triangle in Figure 1c) to measure durations of cataloged earthquakes in year 2014. As a control
test, we also analyze data of a broadband station JFS4 at the Jackass Flat site (red triangle in Figure 1a) with
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known record of a helicopter flying nearby. The borehole sensor at B946 records continuously at 100 Hz, and
the sensors at SGBF0 and JFS4 record continuously at 200 Hz.

In the next section we present and analyze example observations of airplane and helicopter events that gen-
erate wave trains with typical duration of several minutes. The appearance of these events in waveforms
resembles in casual analysis tremor or a sequence of small earthquakes, but they have clear Doppler

Figure 1. (a) A regional map showing the dense array on the San Jacinto fault zone (red square), regional seismic stations
(black triangles) and station JFS4 (red triangle). (b) A conceptual diagram of an airplane flying over a station (black triangle).
(c) Zoom in view of the dense deployment at the Sage Brush Flat (SGB) site. The red circles denote vertical component
geophones, the yellow circle marks a geophone used to present example data, the yellow triangle denotes strong ground
motion station SGBF0, and the green triangle marks 148-m-deep borehole station B946. Data recorded by the instruments
along profile A-A0 are shown in Figure 6. The background gray colors represent topography and the lines show surface
traces of the Clark fault at the site.
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effects that can be easily recognized with time-frequency analysis and modeled with basic analytical
expressions. The air traffic events cover in the study area >7% of the total time in a day, so they make a
significant contribution to the observed ground motion. In large cities with highly active airports such as
Los Angles, the air traffic events can cover >75% of the day. Two appendixes provide material on
estimating the flying traces from seismic array data and a scaling relation between earthquake durations
and magnitudes. The results are discussed and summarized in section 3 of the paper.

2. Analysis
2.1. Observations

We start the analysis by examining raw waveforms recorded by the dense array and corresponding spectro-
grams. Figure 2a shows example results from a 2,200-s time window in Julian day 146, 2014, recorded by the
sensor marked in Figure 1c. The raw waveforms in this and other examples include frequent tremor-like wave
trains with significant amplitude over durations that are hundreds of seconds long (Figures 2–7 and S1–S4 in
the supporting information). To obtain spectrograms, the waveforms are transformed to the frequency
domain using short moving time intervals of 1,024 samples with 512 overlapping samples. The results reveal
clear characteristic signals that start with relatively high frequency and drop to low frequency smoothly with
relatively flat portions at the high- and low-frequency ends (e.g., yellow curve in Figure 3b). Using different
short time windows (e.g., 512 or 2,048 samples) and overlap settings (e.g., 256 or 2,014 samples) give
essentially the same results. Converting the waveform in Figure 3a (associated with the white solid box in
Figure 2b) into an audio signal produces a sound that includes a signal resembling the Doppler effect of
an aircraft flying over (supporting information Audio S1).

We observe many such signals with clear Doppler effects and frequencies that usually decrease with time.
This has a simple interpretation in terms of radiation frommoving sources. One type of these signals has only
one overtone, as the yellow curve in the spectrogram in Figure 3b, which generally spans a frequency range
above 70 Hz. Another type of signals has multiple overtones in the spectrogram and spans a frequency range
above 15 Hz (Figure 5b). More complex signals that appear to be distorted versions of the above two
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Figure 2. (a) A raw waveform recorded by the marked geophone in Figure 1c of the dense deployment during Julian day
146 (2014), 17:23:20 to 18:00:00 GMT. (b) corresponding spectrogram with solid and dashed white boxes marking air
traffic events.
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types (e.g., the right white dashed box in Figure 2b) occur much less frequently. All these signals have
significantly larger amplitudes than the background noise and they last for minutes.

Figure 6a displays 20-s raw waveforms of the event in Figure 3 recorded by the geophones indicated by pro-
file AA0 in Figure 1c. Figure 6b displays corresponding waveforms associated with a local earthquake with
magnitude ML = 0.5 and hypocentral distance of about 12 km. The apparent velocity of the coherent phase
in Figure 6a is ~300 m/s, while the apparent velocity of coherent phases in Figure 6b is much higher. The slow
apparent velocity of the air traffic signal and surface locations of the geophones indicate propagation that is
primarily in the air. However, the velocity of high-frequency Rayleigh waves at the site is ~300–400 m/s
(Hillers et al., 2016; Meng & Ben-Zion, 2018; Roux et al., 2016), so there are likely also induced signals that pro-
pagate in the subsurface material. Figure S1 shows waveforms and spectrograms generated by the helicopter
event in Figure 5 and recorded by a 148 m deep sensor in borehole station B946. These results indicate that
the acoustic signal can indeed produce coupled vibrations in the ground. However, the borehole signals are
relatively weak compared to the signals recorded at the surface because of strong attenuation of the shallow
material and possible weak coupling of the acoustic waves to the ground.

2.2. Modeling

Time-frequency analysis and basic analytical results show that the discussed signals have clear changing-
frequency signatures that can be modeled as Doppler effects associated with airplanes or helicopters
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Figure 3. (a) Zoom in waveform for an airplane event in the white solid box in Figure 2 recorded by the example station in
Figure 1. (b) A corresponding spectrogram. The gray boxes denote 20-s window of data shown by Figure 6a. (c) Time
and frequency data (black crosses) picked in the spectrogram in (b) and line fit to the data based on equation (1)
(red curve). The inferred parameters for the airplane are indicated in the box.
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flying nearby. To analyze quantitatively the signals highlighted by the solid white box in Figure 2b, we
consider a simple model with an aircraft flying with constant velocity along a straight path (Figure 1b). The
aircraft is assumed to be sufficiently far from the seismic stations to be represented by a point source
radiating acoustic waves centered on frequency f0. The signal frequency recorded by a seismic station at
the surface is

f t
0

� �
¼ f 0

1
1þ v0

c
v0tffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2þ v0tð Þ2
p ; (1)

where v0 is the aircraft velocity, l is the shortest distance between the station and the aircraft path, t is time,
and c is the acoustic wave propagation velocity (~343 m/s). A wave generated by the aircraft at time t arrives
at the station at time t

0

t
0 ¼ t þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ v0tð Þ2

q
c

: (2)

Solving equation (2) and keeping the causal solution with t
0
> t gives

t ¼
t
0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t02 � 1� v20

c2

� �
t02 � l2

c2

� �r
1� v20

c2

: (3a)

To model data with arbitrary reference time, we add a reference t0
0
value to equation (3a)

t ¼
t
0 � t0

0� �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t0 � t0

0ð Þ2 � 1� v20
c2

� �
t0 � t0

0ð Þ2 � l2

c2

h ir
1� v20

c2

: (3b)

The above expressions have only four unknown parameters that can be easily determined from the
observed data.

Figure 4. (a) A raw waveform of the marked geophone in Figure 1c for Julian day 156, 22:25:00 to 22:36:40 GMT. (b) A
corresponding spectrogram with solid and dashed white boxes marking air traffic events.
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For a given group of parameters m0 ¼ f 0 v0 l t0
0� �T

, the frequency at a receiver f(t
0
) = f(m0; t

0
) is pre-

dicted by equations (1) and (3b). Starting from a reasonable initial model m0 and observed frequency fob(t
0
),

the final model m is inverted by improving the data fit iteratively using

m ¼ m0 þ GTG
� ��1

GT f ob t
0

� �
� f m0; t

0
� �h i

; (4a)

G ¼ ∂f
∂m

				
m¼m0

: (4b)

Taking as example the data shown in Figures 3a and 3b, we extract the time and frequency signals of the
yellow curve in Figure 3b by finding the frequencies of peak amplitudes for all times slices in the spectro-
gram. The black crosses in Figure 3c denote the picked time and frequency data. Outliers with large misfits
are removed iteratively in the inversion for the Doppler parameters. The red curve in Figure 3c is obtained
by inserting equation (1) into (3b), and it fits the observed values very well. The fitting parameters (frequency
f0 ~ 131 Hz, velocity v0 ~ 377 km/hr, distance l ~ 4.5 km, and t0

0
~ 2,303 s) have reasonable values for a small

airplane or a passenger airplane that is climbing to (or descending from) a cruising altitude. Processing the
waveforms at the remaining stations indicates a clear trend of l and t0

0
across the entire array (Figures A2a

and A2b). This is used to determine the flying trace by the technique discussed in Appendix A.
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Figure 5. (a) Zoom in waveform for a helicopter event in the white solid box in Figure 4 recorded by the marked station in
Figure 1c. (b) A corresponding spectrogram with vertical axis in log scale. The white arrows in (b) and (c) denote the two
strong overtones picked for analysis. (c) Time and frequency data (black crosses) for two overtones picked in the
spectrogram in (b) and line fit to the data based on equation (1) (red curves). The inferred parameters for the helicopter are
indicated in the boxes.
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Another type of air traffic event is represented by the example in the white solid box of Figure 4b. The source
of this event is an aircraft with multifrequency radiation. Zooming on the corresponding time window
1,800–2,030 s, the spectrogram is displayed in Figure 5b with a log scale for the frequency. Taking the loga-
rithm on both sides of equation (1), we have

log f t
0

� �
¼ logf 0 � log 1þ v0

c
v0tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 þ v0tð Þ2
q

0
B@

1
CA: (5)

Equation (5) shows that multiple overtones with different f0 values in the same aircraft, moving with same
velocity, distance, and reference time, have identical second term on the right side (associated with time).
This implies that characteristics associated with different f0 values radiated from the same moving object
are shifted up or down on spectrograms using log scale for the frequency. The parallel yellow curves in
Figure 5b are therefore generated by the same moving aircraft. The four model parameters can be deter-
mined by the same technique used for the previous example event from the observed time and frequency
data of two strong sources. This is illustrated in Figure 5c that shows the picked data (with outliers removed)
and fitted curve of equations (1) and (3b). In this case, the flying velocity is 236 km/hr and the shortest dis-
tance between the flying object and the seismic station is 1260 m. Fitting separately the two sources with
different central frequency f0 gives same results. The obtained flying velocity, height, and existence of multi-
ple central frequencies that may be produced by different rotor blades indicate that the source generating
this type of data is a helicopter. Similar seismic records associated with helicopters flying over the Hekla
Volcano in Iceland were discussed by Eibl et al. (2015). As the sensors used in this study have higher
Nyquist frequency (250 Hz) than the ones used by Eibl et al. (2015; 50 Hz), our records cover a broader
frequency range and contain many more overtones from 50 Hz to 220 Hz (Figure 5b).

To confirm that the source generating data of the type shown in Figures 4 and 5 is indeed a helicopter, we
analyze seismic waveforms (Figure 7a) associated with a known helicopter event during maintenance of
seismic stations at the Jackass Flat site on the SJFZ. Field notes indicate that the helicopter flew over
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station JFS4 (red triangle in Figure 1a), slowed down, hovered, picked up a seismic sensor package, and then
flew away from the site. Figure 7a shows a 140-s long raw waveform of a vertical component sensor
associated with the helicopter flying over the site. The corresponding spectrogram is plotted with log
scale for the frequency in Figure 7b. The results are very similar to those in Figures 4 and 5, showing
clearly source signatures with multi f0 values. Fitting frequency and time data of two f0 sources indicates
a flying velocity of ~85 km/hr and distance of ~50 m (Figure 7c). Since the helicopter was very close to
the sensor and did not fly with constant velocity along a straight path, the data fits in this case are not as
good as in Figure 5c.

To document the rate of occurrence and duration of air traffic events in the study area, we examine manually
the entire data of the dense deployment and detect 892 airplane and helicopter events from Julian day 129
to 157 in 2014. Most events have a single f0 source of the type shown in Figure 3 corresponding to airplanes,
and 51 events have clear multiple f0 sources of the type shown in Figures 5 and 8 characteristics of a helicop-
ter source. The events identified as airplanes usually contain only one overtone (or sometime two) with
frequencies above 70 Hz, and based on the Doppler analysis parameters, they have flying velocities higher
than 300 km/hr. The events identified as helicopters contain many overtones covering frequencies above
15 Hz and have flying velocities below 250 km/hr.

Figure 8a displays a histogram of the number of detected air traffic events for each hour of the day. As
expected, there are considerably more events during the daytime and very few events from 23:00 to 04:00
local time. The air traffic events have an average duration of ~200 s, so together they cover >7% of the
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day. The total duration of such signals at locations with higher air traffic can cover a larger portion of the day.
The detectability of small earthquakes is highly affected by the background noise level. Figure 8b shows a
histogram of candidate small events detected in the dense deployment data during Julian day 146, 2014,
with a technique involving several steps of stacking of subarrays and analyses of the stacked records with
detector functions and beamforming (Meng & Ben-Zion, 2018). There are considerably more detections
from 23:00 to 04:00 local time when the rate of air traffic events is low. The variation of the seismic noise
during Julian day 146 is estimated by the hourly mean absolute amplitudes of stacked waveforms across
the array (Figure 8c). The anticorrelation of the results with those of Figure 8a indicates that the air traffic
events contribute significantly to the daily variations of the local noise level. The air traffic events can
affect especially the detectability of very small earthquakes with high corner frequencies (e.g., M ≤ 1) that
are the target of recent detection efforts (e.g., Inbal et al., 2016; Li et al., 2018; Yoon et al., 2015). Other
human activities producing noise over lower frequency bands can affect similarly the detectability of
larger seismic events.

3. Discussion and Conclusions

We observe frequent daily airplane and helicopter events in continuous waveforms recorded by a dense
seismic array at the SGB site on the SJFZ southeast of Anza, California (Figure 1a). Each event lasts several
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minutes and resembles in seismograms tremor or collection of small earthquakes (e.g., Figures 2a and 3a).
However, time-frequency analysis reveals clear Doppler effects that can be fitted well with a basic analytical
solution in terms of flying velocity, average distance, and central frequency (equations (1) and (3b)). Airplane
events have a simple signature involving typically a single central frequency (Figure 3b). They generate
mainly frequencies higher than 70 Hz that can be removed from the data by low-pass filtering. Helicopter
events are associated with several central frequencies and produce more complex signatures (Figures 5b
and 7b) covering a broad frequency band and, hence, harder to remove form data. The air traffic events
increase significantly the local noise level and reduce the detectability of small earthquakes (Figure 8).
They should not affect typical noise-based imaging studies that use frequencies lower than 1 Hz but can
affect noise-based applications with dense arrays and frequencies higher than 15 Hz (e.g., Figure 9 of
Ben-Zion et al., 2015).

The acoustic wavelengths of typical air traffic events (<5 m with velocity of 343 m/s and frequency > 70 Hz)
are shorter than the interstation spacing (~10–30 m), so beamforming cannot be used to determine the
sources trajectories. However, the flying traces of airplanes can be determined by the technique described
in Appendix A. The detectable distance of air traffic events can be found from the simple expressionffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ v0td=2ð Þ2

q
, where td is the duration of the air traffic signal. The detectable distance is related to the

strength of the waves radiated from the source and the background noise level. As examples, using td ~ 150 s
for the airplane event in Figure 3 and td ~ 220 s for the helicopter event in Figure 5, the corresponding dis-
tances are ~9.0 km and ~7.3 km, respectively. Most detectable distances for other air traffic events are in the
range 6–10 km.

Most airplane events have a single source f0, but some have two overtones as shown in the white dashed box
in Figure 4b. The second source with higher f0 is truncated by the corner frequency of sensor sensitivity at
~220 Hz. Both airplanes and helicopters may generate overtones with frequencies >250 Hz that are not
recorded by the sensors. The radiation sources from airplane events are primarily the engines, perhaps aug-
mented by additional weaker vibrations associated with the aircraft body and propellers (for small airplanes).
The radiation sources from helicopters are more complex and are related to the engines and rotating
propellers. More than 10 overtones of the helicopter event in Figure 5b demonstrate the possible multiple
resonances produced by helicopters. Various conditions can distort the basic Doppler characteristics incorpo-
rated in the simple equations (1)–(3a) and (3b) and produce complex features of the type shown in right
white dashed box in Figure 2b. These include significant changes in the aircraft speed, flying direction, inter-
action of small aircraft with strong wind gusts, etc. Figures S2 to S4 provide additional examples of complex
signals produced by air traffic events.

In the relatively remote location of the study area there are several air traffic events per hour, except dur-
ing local nighttime (Figure 8a), producing together ground motion over 7% of the day. In locations closer
to airports and large cities (e.g., Long Beach, Los Angeles) the air traffic events can cover a significantly
larger portion of the day. As example, the Los Angeles International airport handled in 2016 on average
1,910 aircraft landings and takeoffs per day (http://www.lawa.org/welcome_lax.aspx?id=40). Assuming that
each event lasts about ~200 s, and that the events have 75% overlap, signals generated by airplanes (and
helicopters) exist in the entire portion of the day (e.g., 16–18 hr) with significant air traffic activity. The
ground vibration generated by air traffic events can mask and prevent detection of signals associated
with very small seismic sources (Figure 8b), or in worse cases misidentified as small earthquakes or tremor
(e.g., Eibl et al., 2015). To highlight the importance of the results for current efforts to detect small
earthquakes, we estimate below the expected duration of ground motion generated in a day by small
local earthquakes.

The total duration T of daily earthquakes in the magnitude range M1 ≤ M ≤ M2 is given by the integral

T ¼ ∫
M2

M1

τ Mð Þ·n Mð ÞdM; (6)

where τ(M) is the duration of an earthquake with magnitude M and n is the number of events around
magnitude M given by the Gutenberg-Richter relation

logn Mð Þ ¼ a� bM: (7)
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The b value of the Gutenberg-Richter relation is typically around 1,
while the a value depends strongly on the location and time (e.g.,
Zaliapin & Ben-Zion, 2013, 2016). To evaluate the expected daily earth-
quake duration for the study area, we use the technique illustrated in
Appendix B to measure the duration of 266 cataloged earthquakes
(Hauksson et al., 2012) in the magnitude range 0 ≤ M ≤ 3 recorded by
three-component station SGBF0 (Figure 9). The results can be summar-
ized by the scaling relation

logτ Mð Þ ¼ 0:41Mþ 0:89: (8)

Using logτ in the scaling relation avoids getting negative duration
for earthquakes with small magnitudes. Combining equations (6)–(8),
we get

T ¼ ∫
M2

M1

100:41Mþ0:89·10a�bMdM: (9)

To evaluate (9) for daily seismicity in the trifurcation area of the SJFZ, we use b = 1 and a = 1.5/day. Integrating
with these constants equation (9) over themagnitude range 0 ≤M ≤ 3 gives total daily earthquake duration of
178 s, which covers 0.2% of the day. Reducing M1 to �1 and �2, and assuming the scaling relation of equa-
tion (8) can be extrapolated to lower magnitude than those used in Figure 9, increases the estimated total
duration covered by earthquakes to 0.8% and 3.2% of the day, respectively. Reducing further the lower mag-
nitude limit to �4.54 gives a total duration of a full day. These total earthquake duration estimates are gross
upper bounds, since many small regional events may overlap in time and many small events not sufficiently
close to the recording site will not produce observable signals (e.g., Kwiatek & Ben-Zion, 2016). Increasing the
upper magnitude limit to 5 has negligible affect on the results because the rate of higher magnitude events is
very low. We note that the seismicity rate, and hence the a value, in the trifurcation area is the highest in
southern California (Ross et al., 2017), so corresponding estimates of earthquake durations in most other
regions will be smaller than those given above.

The results of this study demonstrate that seismic arrays can be used to detect and quantify flight parameters
of aircrafts (these should include low flying and stealth airplanes that evade radar detection). The presented
results contribute to the growing recognition of different types of surface and atmospheric events (e.g., car
traffic, trains, storms, wind turbines, and air traffic) producing signals that are contained in observed seismo-
grams (e.g., Eibl et al., 2015; Fuchs & Bokelmann, 2017; Neuffer & Kremers, 2017; Salvermoser et al., 2015;
Tanimoto & Valovcin, 2015). In the study area near Anza California, the total duration of air traffic signals
(> 7% of the day) is likely larger than the duration covered by earthquake signals. In many other places,
and especially large urban areas with highly active airports, the duration of air traffic signals can exceed
50% of the day and be significantly larger that the duration of seismic events. Continuing efforts to recognize
characteristic signatures of various anthropogenic and atmospheric sources of ground motion, and separat-
ing these sources from weak subsurface earthquakes and tremor, will help develop refined catalogs of
seismic sources and improved understanding of the observed seismic wavefield.

Appendix A: Finding the Flying Traces of Airplanes
To model the flying trace of an aircraft, we consider a reference point r

*¼ x 0 z½ � on the trace and a
direction vector be ¼ ex ey ez½ � with e2x þ e2y þ e2z ¼ 1. The reference times t0

0
for all stations gives good

constraint for the direction vector. Figure A1 displays the geometry of the flying trace and two example
stations. At time t

0
= t01

0
, station S1 receives the signal of the aircraft radiated at time t1 at point A1. From

equation (3b), when t
0
= t01

0
, t ¼ �l1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p
. This means it takes the acoustic wave l1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p
to

propagate from A1 to S1. Therefore, the length of line segment A1S1j j ¼ cl1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p
, the length of line

segment A1B1j j ¼ v0l1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p
, and

t01
0 ¼ t1 þ A1S1j j

c
¼ t1 þ l1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � v20
p : (A1)

Figure 9. Measured durations of earthquakes with different local magnitudes
(black crosses) and a fitted line (red) associated with the scaling relation
indicated in the box.
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By performing similar estimates for station S2, the length of line seg-

ment A2B2j j ¼ v0l2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p
, the length of line segment A2S2j j ¼ cl2=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � v20
p

, and

t02
0 ¼ t2 þ A2S2j j

c
¼ t2 þ l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � v20
p : (A2)

Subtracting equation (A1) from (A2),

t02
0 � t01

0 ¼ t2 � t1 þ l2 � l1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � v20

p : (A3)

The location of station S1 is r
⇀
1, the location of station S2 is r

⇀
2, and the

length of B1B2j j ¼ be· r
⇀
2 � r

⇀
1

� �
. Based on simple geometrical

consideration,

A1A2j j ¼ A1B1j j þ B1B2j j � A2B2j j
¼ v0l1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � v20
p þ be· r

⇀
2 � r

⇀
1

� �
� v0l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � v20
p : (A4)

Substituting t2 � t1 in equation (A3) with |A1S1|/v0,

t02
0 � t01

0 ¼
be· r

⇀
2 � r

⇀
1

� �
v0

; (A5)

where the reference times (t01
0
and t02

0
) are given by the data and equa-

tions (4a) and (4b), and v0 is determined by the mean of the observed
flying velocity for all stations. By picking a reference station, we can
build a matrix for inversion of the direction vector. Among the three
components of the direction vector, only two are independent. Using
the constraint e2x þ e2y þ e2z ¼ 1 and equations (4a) and (4b), the inver-
sion for the direction vector be converges quickly within a couple of
iterations.

Figure A1. A conceptual diagram of an aircraft flying over two example stations.

Figure A2. (a) Distribution of the distance l (colored circles) based on data at all stations for the example event 1 in Figure 3.
(b) Corresponding t00 distribution. (c) A northward cross section showing the height of the flying trace. The black arrows
mark the inferred flying trace of the airplane.
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There are only two independent parameters for the reference point r
*

of the flying trace. By fitting the data with Doppler effect, the distance
between each station and the flying trace is displayed as the colored
circles in Figure A2a. From the Pythagoras theorem, the distance is

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r
* � r

⇀
st

� �2
� r

* � r
⇀
st

� �
·beh i2r

: (A6)

By using the same inversion technique equations (4a) and (4b), r
*
can

be determined by the direction vector be, station location r
⇀
st , and the

observed distances. The flying trace of the example event in Figure 3
is marked by black arrows in Figure A2. This flight trace moves to the
northeast with a height of about 4.5 km.

Appendix B: Estimating Earthquake Durations

The durations of earthquakes depend on site conditions. To estimate a
basic scaling relation τ(M) at the SGB site on the San Jacinto fault zone,
we measure the durations of 266 earthquakes from the catalog of
Hauksson et al. (2012) recorded by the strong ground motion station
SGBF0 (Figure 1c) from Julian day 129 to 157, 2014. The procedure is
illustrated in Figure B1 for an ML 2.41 earthquake with epicentral
distance of 95 km. For each event we first band-pass filter the acceler-

ograms at 2–15 Hz to increase the SNR. Figures B1a and B1b show, respectively, the filtered three-component
waveforms and vector sum of the three components for this event. A 1-D model obtained by averaging the
3-D velocity model of Lee et al. (2014) for the southern California region shown in Figure 1a is used to
calculate predicted P and S arrivals (vertical blue and red lines). To estimate the end time of the coda waves,
we calculate a moving mean of the vector sum to get a smooth envelop of the waveform (Figure B1c). Since
the earthquake durations can have several orders of time intervals, we use for each event a moving window
length that depends on the source duration.

The source duration is estimated as follows. We first estimate the rupture size of each event, assuming it is
approximately a circular crack with radius r sustaining a uniform strain drop Δε in a Poissonian solid. The seis-
mic potency (moment/rigidity) in this case (appropriate for the analyzed small events) is given by (Ben-Zion,
2008; Eshelby, 1957)

P0 ¼ 16
7
Δε r3: (B1)

The seismic potency and magnitude of earthquakes spanning a relatively small range of magnitudes are
related empirically by a relation of the type (e.g., Ben-Zion & Zhu, 2002; Hanks & Kanamori, 1979)

logP0 ¼ d·Mþ e: (B2)

For small earthquakes in southern California, d = 1 and e = � 4.7 with potency units in square kilometers per
centimeter (Ben-Zion & Zhu, 2002). Combining equations (B1) and (B2) and assuming an average strain drop
Δε = 10�4, the radius in unit of kilometers of an earthquake with magnitude M is

r Mð Þ ¼ 10�1

16=7ð Þ

 �

·10
d·Mþeð Þ

3 ; (B3)

where the 10�1 factor stems from using Δε = 10�4 and including a unit conversion of P0 from square
kilometers times centimeter to cubic kilometers. Assuming an average rupture propagation velocity of
0.9VS, with shear wave velocity VS ≈ 3 km/s, the source duration for an earthquake with magnitude M is

T sd ¼ r Mð Þ
0:9VS

¼ 0:0162·10
d·Mþeð Þ

3 : (B4)

In the performed analysis we use 500 · Tsd as the length of the time window to calculate the moving mean of
the vector sum (Figure B1c). Using somewhat smaller and larger window length gives essentially the same

Z component

50

100

150

vector sum

0 10 20 30 40 50 60 70

Time (s)

0

20

40

60moving mean
noise level
P arrival
S arrival
end

N component

E component

(a)

(b)

(c)

Figure B1. An illustration of estimating duration for example event withML 2.41
and epicenter distance of 95 km recorded by a three-component station
SGBF0. (a) Z, N, and E component waveforms band-pass filtered between 2 and
15 Hz. (b) The vector sum of the three-component waveforms. (c) The moving
mean of the vector sum. The red dashed horizontal line denotes the noise
level, while the blue, red, and green vertical lines show the P and S arrivals and
the end of the coda.
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results. The noise level is estimated as the root-mean-square of a 10-s movingmean window before the P arri-
val (red horizontal dashed line in Figure B1c). The end of the coda waves is picked when the moving mean
drops to noise level (vertical green line). The duration of each analyzed earthquake is estimated as the time
between the P arrival and the end of the coda waves.
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