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Abstract

The Earth, in large portions, is covered in oceans, sediments, and glaciers. High-resolution body wave imaging in such envi-
ronments often suffers from severe reverberations, that is, repeating echoes of the incoming scattered wavefield trapped in the
reverberant layer, making interpretation of lithospheric layering difficult. In this study, we propose a systematic data-driven
approach, using autocorrelation and homomorphic analysis, to solve the twin problem of detection and elimination of reverbera-
tions without a priori knowledge of the elastic structure of the reverberant layers. We demonstrate, using synthetic experiments
and data examples, that our approach can effectively identify the signature of reverberations even in cases where the recording
seismic array is deployed in complex settings. For example, using data from (1) the Alaska amphibious community seismic
experiment (AACSE), (2) Earthscope transportable array stations deployed in the sedimentary basin around the Mississippi
embayment, and (3) stations deployed on ice-sediment strata in the glaciers of Antarctica. The elimination of the reverberation
is implemented by a frequency domain filter whose parameters are automatically tuned using seismic data alone. Application of
our technique to single stations shows that signal enhancement is best when reverberation is attributable to a single layer. On
glaciers where the reverberating sediment layer is sandwiched between the lithosphere and an overlying ice layer, homomorphic
analysis is preferable in detecting the signature of reverberation. We expect that our technique will see wide application for

high-resolution body wave imaging across a wide variety of conditions.
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Key Points

® A data-driven approach using autocorrelation and homomorphic analysis is
proposed to detect the signature of reverberations in seismic data

® The proposed approach can be applied to various geological settings where
reverberations are present, i.e., sediments, oceans, and glaciers

e Signal enhancement is best in single-layer reverberation systems, while homomorphic

analysis is preferred for multi-layer systems
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Abstract (limit 250 words)

The Earth, in large portions, is covered in oceans, sediments, and glaciers. High-resolution
body wave imaging in such environments often suffers from severe reverberations, that is,
repeating echoes of the incoming scattered wavefield trapped in the reverberant layer, making
interpretation of lithospheric layering difficult. In this study, we propose a systematic data-
driven approach, using autocorrelation and homomorphic analysis, to solve the twin problem
of detection and elimination of reverberations without a priori knowledge of the elastic
structure of the reverberant layers. We demonstrate, using synthetic experiments and data
examples, that our approach can effectively identify the signature of reverberations even in
cases where the recording seismic array is deployed in complex settings. For example, using
data from (1) the Alaska amphibious community seismic experiment (AACSE), (2) Earthscope
transportable array stations deployed in the sedimentary basin around the Mississippi
embayment, and (3) stations deployed on ice-sediment strata in the glaciers of Antarctica. The
elimination of the reverberation is implemented by a frequency domain filter whose
parameters are automatically tuned using seismic data alone. Application of our technique to
single stations shows that signal enhancement is best when reverberation is attributable to a
single layer. On glaciers where the reverberating sediment layer is sandwiched between the
lithosphere and an overlying ice layer, homomorphic analysis is preferable in detecting the
signature of reverberation. We expect that our technique will see wide application for high-

resolution body wave imaging across a wide variety of conditions.
Plain Language Summary (limit 200 words)

The Earth, in large portions, is covered in oceans, sediments, and glaciers. Because of the large
structural difference between these layers and the solid Earth underneath, waves get trapped
in them which hampers the successful investigation of deeper layers. This is often referred to
as “reverberation” or “resonance" - waves that sound or ‘sing’ again and again. In this study,
we propose a systematic approach to detect and eliminate this “singing” effect using only
observed data, without any physical knowledge of the local geological structure. Our approach
extends the autocorrelation analysis, a widely used method to detect repeating patterns in time
series, and also takes advantage of the homomorphic analysis, a popular technique in speech

and audio processing. We demonstrate the effectiveness of our approach using both human-
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generated data and real seismic data, collected from complex geo settings around the world,
including in the oceans to the south of the Alaska Peninsula, the Mississippi Embayment, and
Antarctica. Application of our approach produces significant signal enhancement in the ocean
and sediment environments, where the “singing” effect is simple. We expect that our
technique will greatly improve the quality of deep Earth structure investigation across a wide

variety of conditions.
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1.0 Introduction

The Earth is a water world. As a result, high-resolution body wave imaging of discontinuities
across and within its lithospheric shell often involves interpreting data obtained from seismic
sensors deployed in the oceans, on the seafloor, or above sediments and glaciers
(Anandakrishnan et al., 2000; Clinton et al., 2014; Simon et al., 2021; Suetsugu & Shiobara,
2014; Wiens et al., 2021). However, it is well known that in such conditions, the teleseismic
body wavetield can be severely contaminated by reverberations (repeating echoes) generated
in these shallowest low-velocity layers, i.e., the water column in oceanic environments
(Akuhara & Mochizuki, 2015), sediment layer in both continental and oceanic environments
(Audet, 2016; Zelt & Ellis, 1999), or the ice layer in the polar regions (Chaput et al., 2014; Cho,
2011), therefore, hampering the successful application of high-resolution body wave imaging
techniques (Audet, 2016; Chaput et al., 2014; Graw et al., 2017; Janiszewski & Abers, 2015;
Kumar et al, 2007). Nevertheless, seismic imaging in these environments is essential to
improving our understanding of the dynamics of the Earth. For instance, constraints on the
elastic structures of the oceanic plates can shed light on their formation and evolution, and
help understand how global plate tectonics operates (Kawakatsu & Utada, 2017; Olugboji et
al., 2013; Rychert et al., 2020). Additionally, seismic imaging above thick ice sheets, like
Antarctica or Greenland, helps provide constraints on the thermal state, and rheology of the
lithosphere, all of which have implications for evolution and stability of glaciers (Blankenship

et al., 1993; Fahnestock et al., 2001; W. Shen et al., 2018).

Many techniques have been developed to accommodate this difficulty of lithospheric imaging
in reverberant environments. They include the model-driven wavefield decomposition
techniques (Bostock & Tréhu, 2012; Chai et al., 2017; Langston, 2011; Tao et al., 2014), which
require a prior knowledge of the seismic structure of the reverberant layer, and data-driven
signal processing techniques, which do not require a priori knowledge of the local seismic
structures. The latter techniques generally obtain the signature of reverberations from the
time-domain autocorrelation of the source-deconvolved seismograms, i.e., receiver functions
(Cunningham & Lekic, 2019; Yu et al., 2015), repeating peaks in the frequency-domain power
spectra (Zhang & Olugboiji, 2021), or from the comparison of synthetic and observed data
(Akuhara et al., 2016; Akuhara & Mochizuki, 2015). In all data-driven methods, the physics

and signal processing efforts for removing the effect of the reverberation are very similar; it
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involves designing a resonance removal filter parametrized by the reflection coefficient of the
bottom interface trapping the wave and the two-way travel time of the wave in the reverberant

layer (Backus, 1959; Yu et al,, 2015; Zhang & Olugboiji, 2021).

In choosing when or how to apply a resonance removal filter, a systematic approach to
facilitate the detection of the signature and strength of reverberations is needed, so as to ensure
more confident and robust signal enhancement. Such an approach should have the ability to
handle the complexities and challenges faced when the seismic structure of the reverberant
layer varies in a complicated fashion across the array (Barcheck et al., 2020; Laske et al., 2009;
Suetsugu et al., 2018). In the most challenging case where reverberations from multiple layers
are expressed, i.e., water column, sediments in the oceans, ice sheets and sediments in the
polar regions, the existing signal processing methods may fail to disentangle the signature of
reverberations due to the complicated nature of the spectra. Therefore, an approach that can
effectively detect and characterize the signature of multiple-layer reverberations is required in
such scenarios. Taken together, a proposed technique should be automated, or semi-
automated, with minimal intervention of the seismic analyst and unaided by a priori elastic

properties of the reverberant layers.

Describing such a method and developing the analytical and associated signal processing tools
that show robust utility for lithospheric imaging in reverberant environments is the goal of
this work. Our proposed technique is an extension and synthesis of the autocorrelation and
homomorphic analysis, with the latter idea borrowing generously from early and recent
seismological work in echo detection (Bonner et al., 2002; Buhl et al., 1974; Stoffa et al., 1974)
and related ideas in homomorphic speech processing (Bees et al., 1991; Oppenheim & Schafer,
2004; Oppenheim, 1969). Homomorphic analysis, while relatively less common in geophysical
signal processing, was introduced for source-side echo detection and single-channel source
deconvolution (Bonner et al., 2002; Cohen, 1970; Letort et al., 2016). However, unlike classical
and modern echo detection, our application here focuses on its use for the detection of

repeating, receiver-side echoes, i.e., reverberations.

Our paper is organized around the two key ideas that are central to our analysis: (1) the

automated detection of reverberations, and (2) their elimination using appropriately tuned and
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robust filter parameters. In the first part on the detection of reverberations, we extend the
autocorrelation approach to estimating the presence, strength, and key parameters of the
reverberation response. Then, we introduce and apply homomorphic analysis to the refining
of the second filter parameter, the echo delay time, especially in the case of a multi-layer
reverberation response (i.e., water-sediment and ice-sediment systems). In the second part, we
demonstrate the application of the detection and elimination of reverberations using synthetic
and real data experiments, showing how our new approach of automatically tuning the
resonance removal filters, using seismic data alone, can eliminate the signature of
reverberations, even in settings not previously explored. We then discuss how our approach
will enable the use of the scattered body wavefield for high-resolution imaging in even more

challenging settings around the world.

2.0 Method

A seismogram recorded at a station located on or beneath a highly reverberant layer can be
seen as a convolution of an earthquake source signal with the impulse response of the receiver-
side structures (lithosphere-asthenosphere), and finally the reverberation response of a layer
that strongly traps the incoming wave. The strong velocity contrast between the reverberant
layer (i.e., water, sediments, and glaciers) and the layer immediately below (i.e., sediment or
crust) generates high-amplitude repeating echoes that mask the phases of interest from the
crust-mantle boundary or other deeper layers (Figure 1a-b). When the objective is to image
the seismic structure beneath the reverberant layer, these trapped waves can be problematic,

since they are the strongest signals obscuring any other subsurface conversions and reflections.

A useful model is to view the reverberations as a generalization of sustained or repeating
echoes, that is, waves trapped in a waveguide. The wave transmits into the layer, is reflected
perfectly at the top of the layer and is reflected at the bottom repeatedly. In an ideal case, this
reverberation response is adequately modeled by a forward resonance filter, which is
determined by two parameters: the relative strength of the reverberation, 70, which is the
reflection coefficient at the bottom of the reverberant layer, and the echo delay time, 7, which
is the two-way travel time of the waveleg within the reverberant layer. Therefore, a procedure
for detection and elimination of the resonance requires identifying these parameters recovered

from the seismic signal.
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The first step in reverberation removal is detection. This can be done either by a time-domain
autocorrelation analysis or a Fourier-based homomorphic analysis. The autocorrelation
technique is simpler and more widely used, so we begin by reviewing its central idea and how
it can be extended to detect the presence and strength of the reverberations. In some cases,
autocorrelation may fail, due to noisy seismograms or the presence of a hybrid reverberation
response (e.g, water-sediment or ice-sediment systems) and can be supplemented by
homomorphic analysis. This alternative approach unravels echoes buried in the original signal
using a Fourier analysis. It is essential for estimating the echo delay time and has been widely
explored in a variety of fields, including audio and speech processing (Deng et al., 2004;
Oppenheim, 1969), medical imaging (Wear et al., 1993), and of course, geophysics and
seismology (Letort et al., 2018; Scheuer & Wagner, 1985). In our work here, we use it as a

supplementary aid to automated echo delay time estimation.

The signal processing workflow starts with echo detection, then identifying and automatically
tuning the reverberation parameters (using both the autocorrelation and homomorphic
analysis), and finally ends with resonance removal (Figure 2). If the data does not present
strong reverberations, as measured by an echo quality factor, the workflow exits. In this way,
the workflow can be used to detect and eliminate reverberations at single station data, or to
scan large datasets for signal distortion due to reverberation. In an alternative application, the
properties of the reverberating layer, rather than the resonance removal, might be of interest;
for example, the goal might be to probe for sediment or ice thickness. In this case, the filter
parameters can be used as a set of constraints for estimating the elastic structure of the

reverberant layers.
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174 Figure 1. A schematic diagram illustrating how an incoming teleseismic ray is repeatedly reflected in a reverberant setting: (a)
175 water, (b) sediment and ice. Arrows are P (solid) and S (dashed) waves within the reverberating layers and red triangles
176 represent a seismic recording station. s(z) represents the source time function; »(#) represents the impulse response of the

177 receiver-side lithospheric structure, ie., Moho, crustal underplating, or lithosphere-asthenosphere boundary (LAB); 7(2)

178 represents the reverberation response. In submarine environments, a hybrid situation of water and sediment reverberation
179 may exist. In such a case P-waves are trapped in the water layer above and S-waves ate trapped in a sediment layer below.
180 Note that for simplicity we have shown »(#) as a continuously transmitting P-wave; in reality, it should be interpreted as
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182 used in synthetic tests. MO: no reverberation, M1: sediment reverberation, M2: water and sediment reverberations. Red
183 triangles indicate station locations.
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Figure 2. Signal processing workflow for echo detection and elimination proposed in this study. Detection is obtained from
an estimate of the echo number, k'd, and the consequent echo quality factor, Q e. The response of the reverberating layer,
characterized by reverberation strength, 70, and echo delay time, 7, is auto-tuned using autocorrelation and homomorphic
analysis. The resonance removal filter is the inverse of the reverberation response and is applied only when repeating echoes

(reverberations) are detected.

2.1 Echo Detection with Autocorrelation Analysis

By definition, the autocorrelation function gives the measure of similarity between any signal
and its time-delayed version. Therefore, it is easy to see why it is appropriate for detecting the
signature of a repeating signal (Pham & Tkalci¢, 2018; Tkalci¢ et al., 2020). For any input signal
Z0(t) that is repeatedly echoed (reverberating), the recorded signal on the seismometer, x(t),

and its autocorrelation, A(t), can be written as:

x(t) = Z(*T'o)nﬂfo(t —nT)
n=0 (13)
A(t) —/_OO z(t)x(t — §)dS (1b)

where T is the echo delay time, and § is the temporal variable in the autocorrelation integral.
The autocorrelation of such a reverberant trace should have the form of a decaying sinusoid,

showing a large negative peak with amplitude 70, at the delay time of the first echo: n = 1,

At = %). Based on this pattern, (Cunningham & Lekic, 2019) showed that fitting a decaying
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sinusoid curve to the autocorrelation function (hereinafter referred to as fitted autocorrelation,

Af) should result in a robust estimation of the filter parameters:

A(t) = Af(t) = (:e*""fcoswfjE

T 2)
where { is the lag time of the autocorrelation function, 7 is the half-period of the oscillation
(which matches the echo delay time of the input signal), ¢ is the autocorrelation amplitude at
zero lag time, and « is the damping factor. The filter parameters can now be estimated from
the first trough of the fitted autocorrelation curve (Figure 3b). Previous studies have shown
that these parameters can be estimated from a priori knowledge of the elastic structure of the
reverberant layer, or may be inferred from empirical measurements obtained from seismic
data, ie., power spectra, coherence between vertical and radial components, and
autocorrelation (Yu et al., 2015; Zhang & Olugboiji, 2021). Here, we utilize the behavior of the

autocorrelation function itself (as captured by Equation 2) to detect the presence and strength

of repeating echoes in the seismogram.

The measurement we use here is based on the attenuation response of Af. the fact that the
amplitude of the fitted autocorrelation dies out slowly with strong reverberations and faster
with weaker reverberations. We demonstrate this property qualitatively by generating synthetic
receiver functions using two different models: with and without a thin sediment layer overlying
the crust (models MO and M1, Figure 1c and Table 1), and calculating the observed and fitted
autocorrelation functions (Figure 3). Visually inspecting the results confirms the intuition that
the best-fit decaying sinusoid (i.e., the fitted autocorrelation) dies out much more slowly when

strong reverberations are present.
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Figure 3. A comparison between the observed and fitted autocorrelation of a synthetic receiver function with and without
the presence of reverberation effect. (a) Observed and fitted autocorrelation curves for the case without reverberation,
calculated from the model MO. (b) Observed and fitted autocorrelation curves for the case with reverberation, calculated from

model M1. Filter parameters, "o and 71, are obtained from the first trough of the fitted autocorrelation curve.

Table 1. Density, velocity, and thickness parameters of various layers in the synthetic velocity

models.
Density Velocity ~ Velocity Ratio Thickness, /1

Layer (kg/m?) (km/s) (lem)

0 Up U K MO M1 M2 M3
Ice 4.00 2.00 2.00 - - - 2.5
Water 1027 150 - - - - 4.0 -
Sediment 2000 2.00 0.50 4.00 - 0.5 0.5 0.5
Crust 2800  6.30  3.60 1.75 7.0 7.0 7.0 7.0
Mantle 3200 810 4.50 1.80 - - - -

To quantify the strength of a reverberation using the property described above, we define an
echo number, k’d, which is a2 measurement of the number of oscillations it takes for the
amplitude of the fitted autocorrelation to drop below a level of e ™ = 4% of its amplitude at

zero time lag. From Equation 2 we can see that

A4% = At:kd%
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A strong reverberation can then be identified by a simple echo quality factor, Q ¢, defined using

a user-specified threshold of kthy:

Qe = 1whenka > Kinr, indicates strong reverberation (long repeating echoes present)

Qe = O whenka < Kthr, indicates no reverberation (weak or non-repeating echoes)

We provide a synthetic example to show how K and, consequently Q ¢, changes when varying
the elastic structure of the reverberant sediment layer (Figure 4). We calculate the echo number
k4 and the echo quality factor Qe for a series of synthetic receiver functions generated using a
fixed crust and a varying sediment layer. The models used involve increasing the shear velocity
and thickness of the sediment layer, such that the echo delay time is fixed at 2.0 s while allowing
us to scan the reflection coefficient from 0.8 to 0.2. Note that when the shear velocity and
thickness of the sediment reach their highest (3.5 km/s and 3.5 km), the velocity structure of
the sediment is almost identical to that of the crust, thus minimizing the reverberation. In this
experiment, we see that K drops gradually (~22 to 2) as the echo strength (70), calculated from
the reflection coefficients, decreases from 0.8 to 0.2. Setting the threshold to two echoes, i.e.,
ktnr = 2, results in triggering the echo quality factor on (Q e= 1) if reverberations are detected
and off (Q ¢= 0) otherwise. The seismic analyst can specify a more conservative (i.e., higher)

value for Ftar if detection is required for the strongest reverberations.
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Figure 4. Determining the presence and the strength of reverberation with echo quality factor (Qe). Red and blue curves

show relationship between 70 (teverberation strength) with Fq (echo number) and Qe (echo quality factor), respectively.

2.2 Echo-Delay Time with Homomorphic Analysis

2.2.1 Introduction to Homomorphic Analysis

The treatment of echo detection we just presented is focused on a time-domain representation
of the signal. In this presentation, the signature of the repeating echo was successfully obtained
from a time-domain measure of similarity of the signal with itself. This is not the only approach
for detecting echoes. It turns out that there exists another treatment that makes use of
frequency-domain representation of the signals to extract the signature of repeating echoes.
This treatment, known as homomorphic analysis, is well documented in classical signal
processing (Bogert et al., 1963; Oppenheim & Schafer, 2004) and in early seismology literature
as the cepstrum analysis (Stoffa et al., 1974). The key idea is the transformation of signals

combined by convolution into new signals combined by addition.

To illustrate the basic principles of homomorphic analysis and the complex cepstrum of any
input signal, we reconsider the sampled signal, © (t), which is now composed of a general input

wavelet, L0 (t), and a single echo at T:

x(t) = xo(t) + roxo(t — 7) (4a)


https://paperpile.com/c/s2jYfb/Go7A+obca
https://paperpile.com/c/s2jYfb/rsZk
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x(t) = xo(t) * [0(t) + rod(t — 7)] (4b)

where 70 is the reflection coefficient of the echo and 5(0 is the Dirac delta function. The

signal is now viewed as the convolution of the input wavelet with the echo time series. The

.]_—‘ A~
Fourier transform of such a signal, (t) = X(f ), is given by

X(f) = Xo(/)[L +roe™*77] 5)
and by taking the logarithm of X(f ), we recover a new signal
X(f) = log Xo(f) + log[1 + ree /7] (6)

In this log-spectrum domain, the echo (second term in Equation 6) is an additive periodic

~ J_——'I .
component and the inverse Fourier spectrum, X(f) » &(7) , of this transformed signal

will exhibit a peak at the echo delay time, 7. The output signal, &(7), which is the

homomotphic transform, LN , is the complex cepstrum of the input signal, ¢ (t), and is,
by definition, the inverse Fourier transform of the complex logarithm of the Fourier
transformed input signal (Bogert et al., 1963; Childers et al., 1977; Oppenheim, 1969). Note
that the output can be viewed as being transformed ‘back’ into a pseudo-time domain, which

is called the “quefrency”.

2.2.2 Homomorphic Analysis with Synthetic MTC RF

In the extension of homomorphic transform to the general case of a reverberated receiver

function trace, & (t), the convolutional model holds:

o0

z(t) =w(t) «r(t) = w(t) * Z(—T'g)”é?(t —nT)

n=0 (7)
where 0 and T are the reflection coefficient and delay time, respectively. It has previously been

shown (Stoffa et al., 1974) that the complex cepstrum of the impulse response of a reverberant

Hoo~ ..
layer 1 — 7', is given by:


https://paperpile.com/c/s2jYfb/Go7A+FSSA+rfG2
https://paperpile.com/c/s2jYfb/rsZk
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r(1) = Z(—l)mmﬂ'f’ —mT)

m=1 m 8)
To demonstrate how to identify echoes in a realistic teleseismic waveform using homomorphic
analysis, we present a simple example with a simulated radial receiver function, ¥'r (). We first
generate an artificial radial seismogram, L'r (t), via spike convolution, that is, by summing time-

shifted copies of the vertical seismogram, ;qu,(t)’ recorded at GSN station PET from an M6.2

earthquake near New Ireland on September 6, 1993 (Figure 5a-b):

2, (1) = 2, (1) x w(t) = r(t) )
where
w(t) = 1.06(t) — 0.85(t — 5) + 0.75(t — 6) — 0.30(t — 7) W)

and () is the impulse response of a reverberant layer specified using ten echoes (it = 10), a

reflection coefficient of "0 = 0.6, and an echo delay time of T = 2.0 s. The radial receiver

function, Wr(t),is then calculated using the MTC (multi-taper correlation) algorithm (Park &

Levin, 2000; 2016) (Figure 5c). The complex cepstrum is then estimated by homomorphic

Ho o . . ~ . ~
transform: w — w. Buried in the power cepstrum of w0 is the reverberation response, 7,

visible as spectral peaks.

For clearer identification of these peaks, a high-pass filter (i.e., linear filtering on the log
spectrum) is applied to 20, in order to whiten its spectrum and amplify the resonance response.
Despite the unique source spectrum in the vertical seismogram, the complex cepstrum of the
echoed receiver function, 0, clearly shows a negative peak at 2.0 s (7) and a positive peak with
a lower amplitude at 4.0 s (27), which indicates the successful detection of the reverberation

response (Figure 5d).

To accurately determine the echo delay time (7) from the complex cepstrum, @0, we apply a
linear stack with Gaussian smoothing windows at different time intervals:
S(r) =D > G lm)iwn(r)

i )

where J is the number of delay times (i.e., peaks in the complex cepstrum trace) used in the


https://paperpile.com/c/s2jYfb/YoTy+6NL5
https://paperpile.com/c/s2jYfb/YoTy+6NL5
https://paperpile.com/c/s2jYfb/YoTy+6NL5
https://paperpile.com/c/s2jYfb/YoTy+6NL5
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stack, 7i is the corresponding weighting factors, G(jTi)is the Jth window centered at the ith

delay time, and w0 is the complex cepstrum of the receiver function trace.

In our implementation, we use the first three peaks (i.e., .7:1, 2, 3) and set the weighting
factors, Vi, to -0.6, 0.3, -0.1, respectively. The theoretical resonance quefrencies calculated
from the two-way travel time match the first few peaks and troughs of the cepstrum curve
(dashed lines in Figure 5d). Note that the absolute amplitudes of the peaks and troughs in the

power cepstrum gradually decay as quefrency grows. Since the cepstral peaks are already clearly

visible at a 2.0 s interval, there is no surprise that the stack, S (T), is maximum at echo-delay

time T = 2.0 s (Figure 5e).

T T v 0 ¥ T
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Figure 5. Homomorphic Analysis with MTC (Multi-Taper Correlation) receiver functions. (a) Vertical seismogram recorded
at GSN station PET from an M6.2 earthquake near New Ireland on September 6, 1993. (b) Artificial radial seismogram
generated by convolving the vertical record with the prescribed spike series and the echo impulse response, and adding the
additive noise. (¢) MTC (multi-taper correlations) RF (receiver functions) from reverberated radial seismograms shown in
Figure 5b. (d) Complex cepstrum of reverberated RFs shown in Figure 5c. (e) Delay time stack of the reverberated RF

cepstrum shown in Figure 5d.

2.2.3 Homomorphic Analysis with Synthetic RFs
We carry out a similar analysis using synthetic RFs generated with realistic layered models
consisting of water and sediment reverberations using the reflectivity technique. In the single-

layer case where the reverberation is generated solely from a sediment layer (M1, Figures 1c
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and Figure 6a), the echo delay time of ~ 2.0 s is clearly detected in the complex cepstrum (i.e.,

T =20s,27 = 4.0, 37 = 6.0 s, Figure 6b). Consequently, the stack, S(T), for echo delay
time gives an accurate result of 2.0 s (Figure 6¢). In the hybrid case, in which the reverberations
are generated from both a water column and a sediment layer (M2, Figures 1c & 6d), two sets
of repeating cepstrum peaks can be observed, corresponding to reverberations from sediment
and water, respectively (;f:a =20sand Tw=53s, Figure 6e). Since the echo delay times are
distinct, applying the stack with two different search windows (1.0 s to 3.0 s for sediment and
4.0 s to 6.0 s for water) recovers both echo delay times (Figure 6f-g). In additional tests with

noise added to the RF traces, the cepstral traces are noisier and while the signature echoes are

harder to visually identify, they can still be estimated by S(7) (see Figure S1 in supporting
information). In cases where the goal is to recover the signature of more than one reverberant
layer, the homomorphic analysis is the preferred approach so long as the echo-delay times of

the layers are well separated.

(a) (d)

0 4 8 12 16 20 0 4 8 12 16 20
Time (s) Time (s)

Quefrency (s) Quefrency (s)

(9)

1.0 2.0 3.0 1.0 2.0 3.0 40 5.0 6.0
Delay Time (s) Delay Time (s) Delay Time (s)
Figure 6. Homomorphic analysis of synthetic receiver function calculated from (a-c) models M1 and (d-g) M2. (a) Synthetic
RF from model M1. (b) Complex cepstrum of the synthetic RF shown in Figure 6a. Brown dashed lines indicate the sediment
echo delay time. (c) Delay time stack for complex cepstrum shown in Figure 6b. (d) Synthetic RF from model M2. (¢) Complex
cepstrum of the synthetic RF shown in Figure 6d. Brown dashed lines and the red dashed line indicate the sediment and water

echo delay times, respectively. Note that only the first negative peak of the water echo delay time is visible because of the
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quefrency axis limit. (f-g) Delay time stack for sediment and water reverberations using the complex cepstrum shown in

Figure Ge, respectively.

2.3 Frequency Domain Resonance Removal Filter
After the signature of the reverberations has been determined using the described
autocorrelation and homomorphic analysis, it can hen be removed from the contaminated

signal by building a resonance removal filter in the frequency domain:
P(f) =1+ rge 277 (12)

where 70 and T are the estimated reverberation strength and echo delay time, respectively.
Note that 7 is the same two-way travel time of a reflected wave in a trapped layer and with the

right substitution, gives the well known equation for the resonance frequency:

o d
P Cian)) P

27 where Uy (13)

where @1 and V1 are the thickness and velocity of the reverberant layer. However, in this case,
we do not need to know the elastic structure of the reverberant layer, since the echo delay
time, T, is obtained from time-domain autocorrelation, homomorphic analysis, or both (Figure
2). We refer the readers to (Zhang & Olugboiji, 2021) for a more comprehensive discussion
on the design and robustness of the filter. Here, we note that both parameters are reliably

recovered by the seismic data alone, without need for a model.

3.0 Applications to Seismic Data on Sediments and Oceans
We demonstrate, using both single station and seismic array data, that our proposed workflow

can effectively identify the presence of reverberations in the teleseismic body-wave signals.

3.1 Single Station Detection and Removal: Sediments (NE68)
We choose a station located in the Songliao basin, northeast China (NEG68), which has been
previously studied by (Yu et al,, 2015). We obtain 195 teleseismic events with magnitudes

larger than Mw 6.0, located 30 to 90 degrees away from station NEG68, and calculate the


https://paperpile.com/c/s2jYfb/yKHx
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receiver function (RF) traces using the MTC (multi-taper correlation) approach, using a cutoff
frequency of 1.0 Hz (Figure 7a). The autocorrelation analysis shows strong similarity between
the observed and fitted autocorrelation curves at the first few oscillations, and gives an echo
number, K4 = 9.83, and consequently an echo quality factor of Qe=1 (Figure 7b). Based on
the discussion in section 2.1, we determine that sediment reverberation is present in the

calculated RFs. We then calculate the complex cepstrum of the RFs and use it to estimate the

stack, S(7) (Figure 7c-d). The reverberation responses ("0 = 0.69; T1 = 1.31 s and T2 = 1.33 s,
T = 1.32 5) are obtained from the autocorrelation and homomorphic analysis of the receiver
function signal. The frequency-domain resonance removal filter, designed using these

parameters, is then applied to the original RFs to generate the filtered RFs (Figure 7e).

After deconvolution of the reverberation response, the direct Ps conversion from the Moho
(the first red vertical line) is clearly visible at around 5.0 s compared to the original RFs, in
which the conversion phase is completely buried in the reverberations (Figure 7a). Note that
the amplitudes of the following multiples (the second and third red vertical lines) are relatively
small due to the high amplitude of the PbS phase (i.e., Ps conversion at the sediment-crust
boundary) at around 1.0 s in the filtered RF (Figure 7e). Nevertheless, the /I — k stacking
(using a crustal P velocity of 6.4 km/s (Tao etal., 2014) can still take advantage of the moveout
information and gives a clear result. Our obtained crustal thickness (35.0 km) and P-to-S
velocity ratio (1.73) are consistent with those obtained by (Yu et al., 2015), who reported a

crustal thickness of 35.2 km and a P-to-S velocity ratio of 1.74.


https://paperpile.com/c/s2jYfb/r7xP
https://paperpile.com/c/s2jYfb/2XW8
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Figure 7. Application of the echo detection and elimination workflow to teleseismic data recorded at station NEGS. (a)
Original RFs plotted against epicentral distance. Red vertical lines indicate the estimated arrival times for Ps conversion at the
Moho and its multiples. (b) Observed and fitted autocorrelation functions. The blue dashed line indicates the echo delay time
determined from the autocorrelation analysis. (c) Complex cepstrum of the original RFs. (d) Delay time stack of the complex

cepstrum. The blue dashed line indicates the echo delay time determined from the homomorphic analysis. (e) Filtered RFs

plotted against epicentral distance. (f) H— & stacking using the filtered RFs.

3.2 Echo Detection on Sedimentary Basins: The Upper Mississippi Embayment
The second example we turn to is the Earthscope transportable array around the Upper
Mississippi Embayment, located near the New Madrid seismic zone (Figure 8). Again, this is
a region whose crustal structure has previously been investigated by (Liu et al., 2017) using
receiver function and gravity constraints. In their investigation, they applied resonance
removal filters to some of the stations, to obtain more reliable reflectivity images, however, it
was unclear why the stations were chosen. In this case study, we apply the detection module
of our FADER workflow (Figure 2) to receiver functions calculated from teleseismic data
recorded at 31 stations of the Transportable Array (TA) of the USArray project in the study

area, to determine the presence and strength of the sediment reverberations. The calculated
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echo number, kd, ranges from 1.08 to 9.10 across the region, with most of the stations
expressing the strongest reverberations located inside the Upper Mississippi Embayment,
particularly to the east of the study area. We are able to match, with accuracy, all stations where
(Liu et al., 2017) detects reverberations. However, we also observe some stations to the west
of the UME with notable reverberations, which may benefit from a reconsideration in future
imaging efforts (see Table S1 in supporting information for a compilation of the reverberation

response).
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Figure 8. Echo detection in and around the Upper Mississippi Embayment. Major tectonic features are shown in black lines;

the location of the Reelfoot Rift is marked in orange dashed lines. Stations expressing strong reverberation, as detected by

(Liu et al., 2017), are identified by thick boundaries (thin line otherwise); the color of the circles indicates kd values obtained

in this study.

3.3 Echo Detection on a Submarine Array: The Alaska Experiment

A third example is taken from another seismic array, but one located in the oceans and not on
land (model M2 of Figure 1c). This is a seismic array crossing from deep oceans into shallow

oceans, deployed across the subducting pacific plate. The Alaska Amphibious Community
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Seismic Experiment (AACSE) presents a unique opportunity to conduct high-resolution
seismic imaging of the lithosphere-asthenosphere system of the Pacific plate, prior to
subduction (Barcheck et al., 2020). This is only possible if the reverberation response can be
modeled successfully. We obtain teleseismic data, and calculate receiver functions, using data
from fifty ocean bottom seismometers (OBS) of the AACSE array. The echo number, K,
obtained from autocorrelation analysis, ranges from 0.78 to 13.04, across the array. An echo
threshold, Fihr = 2, suggests that reverberations exist at over half of the stations (Figure 9). A
comparison of the measured echo delay times, with predicted water reverberations, at stations
expressing the strongest reverberations, suggests that the reverberations are from the sediment
layer underneath the stations and not from the water-layer above (see Figure S2 in supporting
information). This is a promising evaluation because it allows the straightforward
deconvolution of the reverberation response, following careful estimation of the relevant

parameters of a single sediment layer.

(wpy) yadaq serepm

164°W 160°W 156°W 152°W 148°W
| | | [ T
0 2 4 6 8 10 12 14
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Figure 9. Echo detection in the Aleutian subduction zone. Circles denote OBS locations and the color of the circles indicates

kd. values. Station LLT10 is highlighted for further analysis in Figure 10.
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Here we present an example demonstrating the detection and elimination of reverberations
for one of the most reverberant stations on AACSE (L'T10). We obtain 115 teleseismic events
with magnitudes larger than Mw 6.0, located 30 to 90 degrees away from the station, and
calculate the receiver function (RF) traces using the MTC (multi-taper correlation) approach,
using a cutoff frequency of 1.0 Hz (Figure 10a). Using autocorrelation and homomorphic
analysis, we determine an echo delay time of T = 1.63 s and a reverberation strength of 70 =
0.47 (Figure 10b-d). After resonance removal, the coherence of later-arriving phases are
improved in the filtered RFs, with clear detection of lithospheric conversions and their
multiples significantly enhanced. For example, a strong and clear arrival at ~ 3 s (Figure 10e¢)
is observed. The H — & stacking using an average P velocity of 6.3 km/s (Eberhart-Phillips
& Christensen, 2000) gives a layer thickness of 19.4 km/s and a velocity ratio of 1.76 (Figure
10f). We interpret this to be the boundary of the middle crust and an ultramafic-mafic lower
crust, as previously detected by wide angle active source imaging (Shillington et al., 2004). The
signature of this layer had previously been obscured and illustrates why interpretations of the
teleseismic body-wavefield should be treated with caution when the possibility of distortions

from reverberations are not accounted for.
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Figure 10. Application of the echo detection and elimination workflow to teleseismic data recorded at station L'T10 located
in the Aleutian subduction zone. (a) Original RFs plotted against epicentral distance. Some epicentral distance bins do not
have RF traces due to the lack of events. Red vertical lines indicate the estimated arrival times for Ps conversion at the
interface detected and its multiples. (b) Observed and fitted autocorrelation functions. The blue dashed line indicates the echo
delay time determined from the autocorrelation analysis. (c) Complex cepstrum of the original RFs shown in Figure 10a. (d)
Delay time stack of the complex cepstrum. The blue dashed line indicates the echo delay time determined from the

homomorphic analysis. (¢) Filtered RFs plotted against epicentral distance. (f) H—x stacking using the filtered RFs.

4.0 Echo Detection When Both Ice and Sediment is Present

We now turn to a more complicated setting where reverberations are generated from both an
ice layer and a sedimentary layer. Although similar, at first sight, to the previous example, one
major difference between the water-sediment and the ice-sediment response is that in the
former case, for submarine deployments, the station is sandwiched between the two layers
(model M2, Figure 1c), while in the latter case it is located on top of the two layers: ice-
sediment (model M3, Figure 11a). In the water-sediment system, reverberations from the two
layers are distinct and decoupled, arriving separately at the station, enabling the homomorphic

analysis to detect two distinct echo delay times (Figure 6e-g). In the ice-sediment system,
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however, the station is on top of the ice layer, and the reverberations are now mixed, expressed
as a sum (in the homomorphic signal) of the combined effects of the ice and the sediment

layers.

We demonstrate this using synthetic RFs generated for layered model M3, which consists of
both ice and sediment layers (Figure 11a). In this model, the two-way travel times (i.e., echo
delay times) within the ice and sediment layers are Ti=25sand Ts = 2.0's (calculated from
Equation 13). The reverberation response of the ice and sediment layers (as a hybrid
reverberant layer) is obtained from homomorphic analysis as a sum of the two echo delay
times, that is Ti+Ts = 4.5 5. We can see from the RF traces that the conversion phases
associated with the sediment-crust interface have the largest amplitudes, while the Ps
conversion at the Moho shows much lower amplitudes and its multiples are hardly visible

(Figure 11b).

In this scenario, the autocorrelation analysis shows strong reverberation behavior with an echo
number of Kq = 34.43 (Figure 11c), however, the estimated echo delay time of 1.47 s does not
match any of the individual layer values (%i, Ts, or V:i-i-ﬁ). The complex cepstrum, however,
shows clear repeating negative and positive peaks (Figure 11d), indicating the presence of
strong echoes in the data. A stack for the relevant echo-delay time gives a strong detection at
4.5 s (Figure 11e). This value matches that of the sum for both the ice and sediment layers. In
the synthetic RF traces, the strong sediment phases at ~ 4.0 s are cleatly repeated multiple
times, separated by this interval (arrows in Figure 11b), visually confirming detection

parameters of the homomorphic analysis.

To make these discoveries concrete, we apply the homomorphic analysis to teleseismic data
collected from 18 stations deployed on the Antarctica glacier (Figure 12a). We obtain the echo
delay times at each station from the stack of complex cepstrums of the receiver functions, and
compare them with predicted ice-only echo delay times calculated using ice thicknesses
obtained from the analysis of seismic data presented by (Pham & Tkalci¢, 2018). Their results
are obtained from autocorrelation of radial and vertical seismograms, to extract the single-
layer ice response. Our obtained echo delay times generally agree with those calculated from

results from (Pham & Tkalci¢, 2018), with an average difference of 11.7%. In some cases, we
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detect longer echo delay times (11 of 18 stations), which possibly indicates reverberations
generated not only from the ice sheets, but also from the sedimentary layer beneath (Figure

12b).
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Figure 11. Synthetic experiment on echo detection when both ice and sediment layer present. (a) Layered model (M3)
consisting of an ice layer, a sediment layer, a crustal layer, and a mantle half-space. (b) Synthetic RFs and theoretical arrivals
of Ps conversions and their multiples associated with the bottom of ice, sediment, and crust (Blue, red, and black vertical
lines, respectively). (c) Observed and fitted autocorrelation curves showing the estimated echo delay time (black dashed line),
which does not match the input model. (d) Complex cepstrum and repeating quefrency peaks (red dashed lines) (e) Linear
stack for the cotrect echo delay time (blue dashed line). The observed autocorrelation and the complex cepstrum are
computed from the synthetic receiver functions in b. The signature of the repeating echoes detected by homomorphic analysis

can be seen as doublets (marked by gray arrow in b).
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Figure 12. Comparison of echo delay times in Antarctica using homomorphic analysis (this study) with those calculated for
ice thicknesses derived from elastic structure estimated by (Pham & Tkalci¢, 2018). (a) Locations of the stations (circles) and
the estimated echo delay time difference (filled colors). (b) A comparison of our measured echo delay times (vertical axis) and
those for ice (horizontal axis), calculated from (Pham & Tkalci¢, 2018). We refer the readers to Table S3 in supporting

information for the detailed results of the absolute echo delay times.

5.0 Discussions

5.1 Fast and Automated Detection and Elimination of Echoes and Reverberations

In this study, we utilized both autocorrelation and homomorphic analysis to detect and
eliminate the effect of reverberations from teleseismic body wave signals. We note that
although this type of reverberation is but one of many classes of resonant seismic noise
(Hellweg, 2000; Roman, 2017), it differs from stationary harmonic noise in that it is signal-
generated, time-limited, and methods for removing stationary harmonic noise are not
appropriately suited for its elimination (Zali et al., 2021). In order to emphasize the receiver-
side reverberation response, we use an input receiver function signal obtained by
preprocessing the seismogram through source-deconvolution. In the case when only a single
channel sensor is available i.e, acoustic sensors like MERMAID (Pipatprathanporn & Simons,
2021; Simon et al., 2021), other source normalization techniques might be necessary to achieve

a similar effect (Bensen et al., 2007; Shen et al., 2012; Tkalcic¢ et al., 2020).

In the single-layer scenario where reverberations are generated solely from a sedimentary layer,

or in the decoupled water-sediment system (Figures 7 & 10), an automated workflow can be
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assembled based on the approach we outlined (Figures 2). The input source-deconvolved
signal (i.e., receiver function) is first passed into the autocorrelation analysis to determine the
presence and strength of reverberations. With a threshold for the echo number appropriately
defined, this process can be performed automatically. An estimate of the parameters of the
reverberation response, 70 and 71, is also obtained in this step. If reverberations are detected,
the input signal is further analyzed by the homomorphic analysis, where an appropriate search
window for the cepstral stack is determined by using 71 £ AT If the output echo delay time
from this second step (72) agrees with the previous one (71), an average of the two can be taken
as the final echo delay time. If they are off by a prescribed tolerance, the analyst can visually
inspect the underlying autocorrelation curves or the complex cepstrum stacks (Figures 3 and
5) to judge which of these is more reliable, and decide if further data processing is necessary.
The resonance removal filter can then be designed to remove the reverberation response from
the input signal, using the estimated filter parameters. In the non-acoustic case where the
seismic sensor is on the bottom of the ocean, the water reverberations are negligible due to
their longer delay time and the lower transmission onto the radial seismogram (Zhang &

Olugboji, 2021).

In an alternative application only detection and not elimination might be required (i.e., sections
3.2 and 3.3). An example is investigating if the reverberations do not affect late arriving
conversions where ki << tps from a specific lithospheric discontinuity (underplated crust or
mantle layering). The aforementioned workflow can be easily adapted to perform this task,
with the input being receiver functions from each station and the output being the echo
number (ko‘) and the consequent echo quality factor (Q ¢), which determines the presence and
strength of the reverberations. In this application, the workflow is still automated, and only
autocorrelation analysis is used. Since our proposed workflow uses autocorrelation analysis to
detect echoes, it may fail when a complicated seismic structure exists, i.e., in ice-sediment
systems (see section 4). In this case, we recommend using the homomorphic analysis. When
supplemented with a crude estimation of local ice and sediment thickness and shear velocity,
if any, it can provide information on how to interpret the signature of the hybrid reverberation

response.
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5.2 Homomorphic Deconvolution of the Reverberation Response

As we have demonstrated extensively, homomorphic analysis is an effective approach to
identifying the signature of echoes in the sampled signals. Since the homomorphic
transformation maps convolution into addition, one might expect that a natural extension to
removing the reverberation response would be to subtract the cepstral peaks associated with
reverberations in the quefrency domain and calculate the inverse complex cepstrum, which
recovers the original signal. This is the case known as homomorphic deconvolution. This
approach to removing unwanted convolutional components from the time series has already
been explored for removing synthetic reverberations and seismic source deconvolution (Stoffa
et al., 1974; Ulrych, 1971). However, it has been pointed out that several factors, i.e., low-
frequency assumption of the source, compromised estimation in phase unwrapping, and the
presence of additive noise, make it unstable for practical applications (Bostock & Sacchi, 1997
Clayton & Wiggins, 1976). Although homomorphic deconvolution is not used for
reverberation elimination in this study, we present a synthetic experiment here to demonstrate

its principles and shortcomings.

We generate a signal using a series of spike functions that put peaks and troughs at 1's, 5 s,
and 6 s (Figure 13a). We then convolve this signal with a reverberation series consisting of ten
echoes (n = 10), with a reflection coefficient of 70 = 0.6 and an echo delay time of 7 = 1.0's
(Figure 13b). The complex cepstrum is then calculated by the homomorphic analysis described
in section 2.2 (Figure 13c). Cepstral peaks are clearly visible at a 1.0 s quefrency interval, with
the first three especially profound. These three peaks are removed from the complex cepstrum

trace by setting the amplitudes to the average of their neighboring points (Figure 13d).
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Figure 13. Homomorphic deconvolution with synthetic sampled signals. (a) Reference sampled signal generated by spike
functions. (b) Signal in Figure 11a with reverberation. (c) Complex cepstrum of reverberated signal in Figure 11b. (d) Complex
cepstrum shown in Figure 11c with the first three cepstral peaks removed. (e) Recovered time-domain signal from the inverse
cepstrum transform of the complex transform in Figure 11d. (f) Signal in Figure 11b with additive noise added. (g) Complex
cepstrum of reverberated signal in Figure 11f. (h) Complex cepstrum shown in Figure 11g with the first three theoretical
cepstral peaks removed. (i) Recovered time-domain signal from the inverse cepstrum transform of the complex transform in

Figure 11h.

We then perform an inverse cepstrum transform, which is the complex exponential of the

-1
Fourier transform of the complex cepstrum (Z *, ). The resulting signal is nearly identical

to the reference signal, even though we only remove the first three, but not all the cepstral
peaks in the quefrency domain (Figure 13e). However, with strong additive noise added to the
sampled signal (Figure 13f), the complex cepstrum shows a much more complicated pattern
and the theoretical cepstral peaks, which are supposed to show up ata 1.0 s interval, are hardly
visible (Figure 13g). Since the noise is additive, not convolutional, the homomorphic
transform cannot separate it from the clean signal spectrum, and thus, result in a very noisy
complex cepstrum. With no surprise, averaging the theoretical cepstral peaks results in an
almost identical noisy cepstrum trace (Figure 13h) and can no longer recover the original signal

with inverse cepstrum transform (Figure 13i).

6.0 Conclusion
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In this study, we have addressed the problem of high-resolution imaging of the crust and
mantle lithosphere using the teleseismic body-wavefield that suffers severe distortion from
complex scattering through reverberant structures - sediments, oceans and glaciers. We
develop an automated technique for identifying the signature and strength of reverberations
and to eliminate its negative effect. We do this by extending and applying autocorrelation and
homomorphic analysis to detection, and robust filter design, enabling the deconvolution of
the reverberation response. We demonstrate, using synthetic experiments, that our approach
is effective in a wide variety of scenarios. Real data examples, with seismic arrays in the Upper
Mississippi Embayment and the Aleutian subduction zone, shows that detection and
elimination of reverberations should be conducted routinely before the interpretation of
results for subsurface lithospheric layering. In the more complicated environment of glaciers,
where both ice and sediment are present, homomorphic analysis is preferred. We anticipate
application of our workflow across a variety of seismic deployments where the reverberation

challenge has limited the utility of teleseismic body wave data for lithospheric imaging.

7.0 Data Availability Statement

All seismic data used in this study can be obtained from the IRIS Data management center

(https://ds.iris.edu/ds) under the network codes YP (station NEGS), TA (Earthscope

transportable array stations in the UME), XO (the Alaska amphibious community seismic
experiment, AACSE), YT and ZM (Antarctica). Synthetic receiver functions were computed
using the Telewavesim open-source python library provided by (Audet et al.,, 2019). The
receiver function deconvolution was computed using compiled C++ code provided by
(Olugboji & Park, 2016). The Matlab code for fitting a decaying sinusoid can be retrieved
from (Amberg, 2022). The Matlab package of the proposed workflow for Fast and
Automated Detection and Elimination of Echoes and Reverberations (FADER) can be

retrieved from (Zhang & Olugboji, 2022).
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