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ABSTRACT:
We investigate the feasibility of imaging localized velocity contrasts within a nonattenuating acoustic medium using

volume-distributed random point sources. We propose a simple, two-step processing flow that utilizes the linear sampling

method to invert for the target locations directly from the recorded waveforms. We present several proof-of-concept

experiments using Monte Carlo simulations to generate independent realizations of band limited “white noise” sources,

which are randomly distributed in both time and space. Despite the unknown and random character of the illumination on

the imaging targets, we show that it is possible to image strong velocity contrasts directly from multiply scattered coda

waves in the recorded data. We benchmark the images obtained from the random-source experiments with those obtained

by a standard application of the linear sampling method to analogous controlled-source experiments.
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I. INTRODUCTION

Imaging is a process that seeks to reconstruct the

unknown spatial distribution of one or more properties of a

medium. For example, in underwater acoustics, one may

seek to determine the distribution of sound speed in a water

column or density variations within a seabed (Rajan and

Frisk, 2020). The idea is to illuminate the medium using one

or more sources of acoustic waves, and then measure the

medium’s response to this illumination at an array of

receivers. An image of the medium is subsequently obtained

by performing a choice set of operations on the recorded

responses—usually in conjunction with an assumed model

of the medium—to deduce the spatial distribution of the

medium’s properties. For example, the model may represent

a “smooth” estimate of the real medium, and the operations

used to obtain an image are chosen to extract higher-

resolution details from the recorded data (Etgen et al.,
2009).

In some applications, one may desire to image a small

subset of the medium only. An example is time-lapse seis-

mic monitoring, where one seeks to track temporal varia-

tions in rock properties or fluid distributions within a

hydrocarbon reservoir (e.g., Grêt et al., 2006; Lumley,

2001; Vasco, 2004; Vasco et al., 2004); it is unnecessary—

and inefficient—to image the medium outside the area of

interest. Imaging methods capable of localizing features (or

“targets”) within a specified subset of the medium are com-

monly referred to as “target-oriented.” Ayeni and Biondi

(2010) and Asnaashari et al. (2015) give strategies for

target-oriented imaging and inversion of time-lapse seismic

data.

Traditional imaging requires that the sources of the

wave field are known and available to operate under eco-

nomical constraints. We consider the opposite case where

the sources of energy are unknown, uncontrolled, and of a

random character, and propose a target-oriented imaging

workflow to image an acoustic medium under such chal-

lenging conditions. The workflow consists of an amplitude

normalization of the recorded data followed by an inversion

for the target locations using the linear sampling method. As

a proof-of-concept study, we present the workflow in the

context of imaging velocity perturbations in a nonattenuat-

ing acoustic medium. For clarity in what follows, we refer

to “primary sources” as those that create acoustic energy

and to “secondary sources” as those that redistribute acous-

tic energy (e.g., scatterers). Additionally, we refer to a

source as “known” if both its space and time dependence are

known or directly observable; otherwise, we refer to a

source as “unknown.”

Conventional imaging methods assume that the sources

used to interrogate a medium are known, controlled, and—

to as much an extent as possible—emit a predictable and

repeatable source signature [e.g., Kirchhoff migration

(Bleistein, 1987; Schneider, 1978) and reverse-time migra-

tion (Baysal et al., 1983; McMechan, 1983)]. In these meth-

ods, it is assumed that the space and time dependence of the

sources are known so that the wave fields produced by them

can be effectively modeled. In a separate but related prob-

lem, velocity estimation techniques such as full-waveform

inversion (Tarantola, 1984; Virieux and Operto, 2009) also

assume the sources are known.

Ambient-noise seismology relies on waves that are gen-

erated by unknown and uncontrolled sources, such as ocean
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waves, city traffic, factories, and microearthquakes that sur-

round the domain to be investigated (e.g., Artman, 2006;

Curtis et al., 2006; Girard and Shragge 2019a, 2019b;

Larose et al., 2006; Sabra et al., 2005; Shapiro and

Campillo, 2004; Shapiro et al., 2005; Snieder and Larose,

2013). Despite not knowing the details of the sources, seis-

mic interferometry can be applied to extract the impulse

response that propagates between a pair of receivers, pro-

vided the ambient sources are uncorrelated and uniformly

distributed around the receivers (Draganov et al., 2004;

Halliday and Curtis, 2008; Sens-Sch€onfelder and Wegler,

2006). The obtained impulse response can then be used to

construct an image of the medium (for example, by using

one of the migration methods referenced above). Fichtner

et al. (2017) provide a generalized approach to seismic

interferometry in which they invert for a function that char-

acterizes the primary sources of the wave field, and the

intermediate step of extracting the medium’s impulse

response is avoided. However, their approach cannot be

used to localize secondary sources (such as scatterers), since

scatterers are on average temporally correlated and their

assumption [Eq. (9)] will not hold.

While seismic interferometry eliminates the need to

know the details of the sources for many practical cases, it

does have limitations that make it unsuitable for cases when

the sources of the wave field are dispersed throughout the

medium. In particular, seismic interferometry extracts the

waves that propagate between different receivers by cross-

correlating the waveforms recorded at different receivers

(Curtis et al., 2006; Larose et al., 2006; Lobkis and Weaver,

2001; Roux et al., 2004; Sabra et al., 2008; Snieder and

Larose, 2013). For acoustic waves in nonattenuating media,

the theory requires that the sources are located on a surface

enclosing the receivers and that there are no back-scattered

waves propagating inward through this surface (Wapenaar

et al., 2005). The application of seismic interferometry to

attenuating acoustic media requires noise sources on a

bounding surface, as well as in the interior of this surface in

a proportion dictated by the attenuation (Snieder, 2007). It is

for diffusive systems that one only needs sources in the inte-

rior of the medium (Snieder, 2006). In general, the application

of seismic interferometry to physical systems that are invariant

under time reversal requires that noise sources are located on

a surface surrounding the receivers and that when the invari-

ance for time reversal is broken one also needs sources

throughout the volume (Snieder et al., 2007). The imaging

method we present here employs nonattenuating acoustic

waves that are generated by unknown sources distributed

throughout the medium. In fact, the sources are interspersed

amongst the scatterers we seek to image. On the one hand,

this source distribution violates the key assumptions of seis-

mic interferometry for nonattenuating media, and so an alter-

native imaging method must be found. On the other hand, this

source distribution may provide better illumination on the

scatterers than sources that surround the medium.

As an alternative to seismic interferometry, we investi-

gate the linear sampling method (Chen et al., 2010; Colton

and Kirsch, 1996; Colton et al., 1997; Guo et al., 2013;

Haddar et al., 2014; Prunty and Snieder, 2019), which is a

target-oriented imaging procedure for localizing scatterers

within a known background medium. The linear sampling

method is related to the Lippmann-Schwinger inversion,

wherein one inverts for the source of the scattered waves

using the properties of the background medium (Prunty and

Snieder, 2020). In the linear sampling method, one attempts

to extract from the measured scattered waves a single

impulse response that radiates from a given point in the

background medium (Chen et al., 2010; Colton and Kirsch,

1996; Colton et al., 1997; Guo et al., 2013; Haddar et al.,
2014; Prunty and Snieder, 2019). A key characteristic of the

method is that it is agnostic to the physical properties and

boundary conditions imposed by the unknown scatterers

(e.g., see Tacchino et al., 2002, and the references therein).

Consequently, no weak-scattering approximation is

necessary.

As a data-driven imaging procedure, the linear sampling

method extracts the space and time dependence of a scat-

terer from the recorded waveforms. Consequently, the space

and time dependence of the illumination on the imaging tar-

gets need not be known. In fact, no information pertaining

to the sources (whether known or not) is used in the inver-

sion by the linear sampling method. This makes the linear

sampling method an appealing candidate for imaging in the

presence of unknown and uncontrolled random sources. To

our knowledge, the linear sampling method has never been

tested on data acquired under such conditions.

In what follows, we demonstrate the feasibility of imag-

ing localized scatterers within a nonattenuating acoustic

medium using unknown random sources. We present the

essential information needed to formulate the linear sam-

pling method for the case of random sources in Sec. II and

demonstrate the workflow with numerical experiments in

Sec. III. We conclude with a discussion of the numerical

experiments and remaining challenges in Sec. IV.

II. METHODOLOGY

Our goal is to image unknown, arbitrary scatterers

embedded within a known background medium using

unknown and uncontrolled random sources. In the examples

shown here, the background medium is homogeneous, but it

can be inhomogeneous. Our strategy is to apply the linear

sampling method to image the scatterers directly from the

total recorded waveforms, without first extracting the per-

turbed medium’s impulse response. Our only assumption

about the sources is that they are transient on the timescale

of the recording period of the experiment. In what follows,

we use boldface letters to denote measured (discrete)

quantities.

Suppose we make a number of recordings of the total

pressure field in an acoustic medium in which ambient,

unknown sources go off randomly in time and space. The

observed pressure field then consists of direct waves that

propagate between the random sources and the receivers, as
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well as scattered waves that are radiated by inhomogeneities

within the medium. These scatterers act as secondary sour-

ces, whose time dependence varies with that of the random

illumination. Whereas the random sources go off unpredict-

ably throughout the medium, the scatterers radiate energy

consistently from their fixed locations. As we show momen-

tarily, this fact is key for the linear sampling method to

image the scatterers.

Let pj denote the pressure field measured in record j at

receiver positions xi, where i ¼ 1;…;Nr and Nr is the num-

ber of receivers. In the linear sampling method, we create a

search domain (or imaging domain) in which we seek to

reconstruct the shape of the unknown scatterers (Colton and

Kirsch, 1996; Colton et al., 1997). To do this, the linear

sampling method posits a relation between the recorded data

pj and an impulse response of the background medium from

each point z in the search domain. Formally, this relation is

realized as an ill-posed linear system of equations. Let Gz

denote the impulse response of the background medium

observed at the receivers xi from a given point z in the

search domain. For each point z, we seek an approximate

solution to this ill-posed system of equations by minimizing

the least squares objective function

minuz
fjjNuz �Gzjj2 þ ajjuzjj

2g (1)

for uz. In this expression, the last term regularizes the mini-

mization and a � 0 is a regularization parameter. The opera-

tor N denotes a time convolution with the recorded data p.

In the frequency domain, its action on an arbitrary vector g

is defined by

Ng ¼
X

j

pjðxi;xÞgðj;xÞ; (2)

where x denotes the angular frequency. The least squares

solution to Eq. (1) exhibits a peculiar “blowup behavior”

that indicates the presence (or absence) of a scatterer

(Colton and Kirsch, 1996; Colton et al., 1997): the norm of

the solution jjuzjj becomes arbitrarily large whenever z is

outside the scatterers, and is bounded otherwise. It can be

shown that the blowup behavior results from a division by

zero in the unregularized linear system [Eq. (1)], since the

solution uz is inversely proportional to the source of the

scattered field, which is identically zero outside the scatter-

ers (Prunty and Snieder, 2019).

We define the image at each point in the search domain

by

IðzÞ ¼ f ðzÞ �min f ðzÞ
max f ðzÞ �min f ðzÞ ; (3)

where

f ðzÞ ¼ 1

jjuzjj
: (4)

That is, the image at a point z is defined to be a number

between 0 and 1, where a value close to 1 indicates the point

is likely inside the scatterer and a value close to 0 indicates

otherwise.

Note that the impulse response appearing in Eq. (1)

should reflect the monopole and/or dipole nature of the

imaging target. For example, velocity contrasts act as mono-

pole sources, whereas density contrasts act as dipole sour-

ces. In general, acoustic media feature both types of

scatterers, so a combination of monopole and dipole impulse

responses will be needed for imaging. In Sec. III, we focus

on a special case of imaging velocity contrasts in an other-

wise homogeneous acoustic medium. Consequently, Gz in

Eq. (1) will be the impulse response due to a monopole point

source in the background medium.

The application of the operator N in Eq. (2) involves a

summation over data records j. This implies that the linear

sampling method will image a source (primary or second-

ary) at the point z if, on average over many observations, it

radiates a wave from the point z. Because the random sour-

ces go off unpredictably in space and are unlikely to repeat

from one data record to the next, they are unlikely to be

imaged by the linear sampling method. In contrast, the scat-

terers radiate waves consistently from their fixed locations

and, in principle, should be well imaged by the linear sam-

pling method. A problem arises, however, when the scat-

tered radiation is weak compared to other waveforms

present in the data. In particular, the contribution of the ran-

dom sources to the measured signal may still dominate that

of the scatterers.

In a least squares sense, the linear sampling method

inverts for the sources of the signals with the largest ampli-

tudes (i.e., signals produced by sources with the most

energy). This means that in a random-source experiment, in

which direct arrivals between the random sources and

receivers dominate the recorded waveforms, the linear sam-

pling method first and foremost attempts to image the ran-

dom sources and not the scatterers of interest. In order for

the method to “see” the scattered waves, it is necessary to

boost their amplitudes relative to those of the direct waves.

Using the fact that the direct waves are of large amplitude

but relatively short duration (in contrast to the scattered

waves, which are weak but persistent in time), we apply a

running-absolute-mean normalization to each receiver trace

(Bensen et al., 2007). If we denote by pjðxi; tnÞ the pressure

field measured in record j at location xi and at time tn, then

the normalization is computed as

~pjðxi; tnÞ ¼
pjðxi; tnÞ
wn þ �

; (5)

where

wn ¼
1

2N þ 1

XnþN

k¼n�N

jpjðxi; tkÞj (6)

is the running absolute mean over the time window of length

2N þ 1 centered at time tn, and � is a “small” positive con-

stant introduced to regularize the normalization during
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quiescent periods in the time series (in which wn may

approach zero). Bensen et al. (2007) discuss the influence of

the window length on the normalization; we choose the inte-

ger N such that the window length 2N þ 1 equals the num-

ber of time samples contained in the maximum period (or

lowest frequency) of the observed signal. Once a satisfac-

tory normalization is obtained, we replace p in Eq. (2) with

the normalized data ~p. As a rule of thumb, the thresholding

parameter � should be much smaller than a typical running

absolute mean wn in sections of a trace where signal clearly

exists, but still large enough so that unwanted noise is not

over-boosted in sections of the trace where there is no iden-

tifiable signal. In our numerical experiments described in

Sec. III, we found the root mean square (RMS) amplitude of

the data across all imaging experiments to be Oð10�7Þ.
Using a trial-and-error approach to estimate the thresholding

parameter, we found that � ¼ Oð10�9Þ yielded a satisfactory

normalized trace in which the amplitudes of multiply scat-

tered waves and direct arrivals from the random sources

were balanced, while also ensuring that numerical errors to

due finite accuracy of our modeling code were not over-

boosted. We illustrate our normalization with several exam-

ples in Sec. III.

III. NUMERICAL EXPERIMENTS

A. Modeling scatterers in a two-dimensional,
homogeneous acoustic medium

To test our methodology, we model the scattering of

pressure fields in a two-dimensional, unbounded, nonattenuat-

ing acoustic medium of constant density and variable veloc-

ity. We assume the pressure fields are generated by monopole

(isotropically radiating) point sources. For a given source that

goes off at location xs and at time ts, we obtain the resulting

pressure field p by solving our model wave equation

r2pðx; tÞ � 1

c2ðxÞ
@2pðx; tÞ
@t2

¼ �dðx� xsÞSðt� tsÞ;

x 2 R2; 0 � t � T;

(7)

together with the initial conditions

pðx; tÞ ¼ 0;
@pðx; tÞ
@t

¼ 0; x 2 R2; t < ts: (8)

In Eq. (7), c is the spatially varying velocity we seek to

image, d is the Dirac delta function that localizes the point

source, and S is a given source-time function that generates

the pressure disturbance. The times t¼ 0 and t¼T are the

start and end time of a recording period, respectively. We

solve Eq. (7) using a finite-difference scheme implemented

in the Madagascar open-source software package (Fomel

et al., 2013), which is freely available at http://www.

ahay.org. Because Eq. (7) is linear in the unknown variable

p, the pressure field resulting from a more general distribu-

tion of sources (e.g., a random distribution of point sources)

is obtained by summing the pressure fields due to each indi-

vidual source.

Figure 1(a) shows the modeling domain in which we

solve Eq. (7), as well as the general setup of our imaging

experiments. We use absorbing boundary conditions to pre-

vent reflections off the edges of the model. The shape of the

imaging target is given by the letters “CWP,” and is embed-

ded within a background medium of constant wave speed

c0 ¼ 2 km/s; we describe “strong” and “weak” scattering

scenarios for the velocity function inside the imaging target

in Sec. III B. Randomly distributed sources, shown as the

white dots in Fig. 1(a), illuminate the imaging target from

all directions. The total pressure field is measured at 50

receivers placed along a circle of radius 8 cm, which fully

encloses the imaging target. The recording period for the

experiments is 400 ls.

B. Monte Carlo parameterization of the random-
source imaging experiments

To simulate unknown and uncontrolled random sources,

we use the following Monte Carlo approach: the number of

sources present in a given recording period is a random inte-

ger uniformly distributed between 2 and 10; the locations of

the sources are uniformly distributed within the domain of

FIG. 1. (Color online) (a) Experimental setup of the imaging problem.

Random sources are shown as white dots, receivers as red dots, and

the imaging domain by the black dashed line. In this example, about

630 sources were generated during the experiment. The model shown

is for the strong velocity contrast. (b) A typical noise source simu-

lated in the experiment. The minimum and maximum wavelengths

contained in the noise are shown as kmin and kmax, respectively, in

panel (a).
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the model; each source emits a distinct “white noise” in the

frequency band of 50 to 600 kHz; the duration of a noise

source is uniformly distributed between 10% and 20% of the

recording period; the time at which a source goes off is uni-

formly distributed between 5% and 60% of the recording

period. Thus, the sources emit different noise realizations,

of different durations, at different times, and from different

points in the medium. An example noise source is shown in

Fig. 1(b). The corresponding minimum and maximum wave-

lengths contained in the noise are shown for scale in Fig.

1(a). The receivers are in the near field of the imaging target

for lower-frequency components of the noise, and in the far

field of target for higher-frequency components.

Given the above Monte Carlo parameterization, we con-

duct our random-source imaging experiments as follows:

1. Specify the number of recordings M for the given

experiment.

2. Run M independent Monte Carlo simulations to generate

and record the wave fields from random sources.

3. Apply the running-absolute-mean normalization to each

data record.

4. Apply the linear sampling method to the normalized

dataset.

In what follows, we perform four independent random-

source experiments, wherein the number of recordings are

M¼ 25, 50, 75, and 100. For the experiment with 100

recordings, our Monte Carlo parameterization allows the

total number of sources generated during the experiment to

be anywhere between 200 and 1000. To test the ability of the

linear sampling method to image both weak scatterers and

strong scatterers in the presence of random sources, we

model two cases for the velocity of the scattering target. In

the weak scattering case, the velocity of the scatterer is set to

2.2 km/s (a 10% increase from the background velocity). In

the strong scattering case, the velocity of the scatterer is set

to 0.2 km/s (a 90% decrease from the background velocity).

C. Setup for the linear sampling method

We image the medium in the search domain ½�6 cm; 6 cm�
�½�4 cm; 4 cm� within the xy-plane, shown as the black dashed

line in Fig. 1(a). We discretize the search domain into a 60� 40

point regularly sampled grid and model the impulse response of

the background medium Gz from each grid point z using a

300 kHz Ricker pulse. For our two-dimensional background

model, this amounts to evaluating the analytic function

Gzðxi;sÞ ¼
fðsÞHðs� jjxi� zjj=c0Þ

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2� jjxi� zjj2=c2

0

q ; �T � s� T; (9)

at the receiver locations xi [recall from Eqs. (1) and (2) that

Gz is set to be a time convolution of the recorded data—

hence, s lies between –T and T]. In Eq. (9), H is the

Heaviside (unit step) function, and f is the Ricker pulse

fðsÞ ¼ 1� 2p2�2ðs� 0:1Þ2
h i

e�p2�2ðs�0:1Þ2 (10)

with peak frequency � ¼ 300 kHz.

D. Benchmarking against controlled-source
analogues

To check the performance of our proposed workflow,

we compare the images obtained from the random-source

experiments with those that would have been obtained from

a standard application of the linear sampling method to an

analogous controlled-source experiment. In this case, the

linear sampling method inverts for the scatterer locations

using the difference between the pressure fields measured in

the perturbed and unperturbed media, respectively (here, the

perturbed medium contains the scatterer and the unperturbed

medium is the assumed background model). To perform this

controlled-source experiment, we co-locate a “known”

source with each receiver shown in Fig. 1(a), again using

the 300 kHz Ricker pulse [Eq. (10)] as a source-time func-

tion. For each source, we simulate the pressure fields in both

FIG. 2. (Color online) (a) A typical data record from a random-source experiment in the weakly scattering medium. (b) The same data record after

normalization.
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the perturbed and unperturbed media, record the waveforms

observed at the 50 receiver locations, and then take the dif-

ference between the two sets of measurements. We invert

for the target locations by applying the linear sampling

method to the remaining scattered fields only.

E. Case I: Weak velocity contrast

Figure 2(a) shows a data record from a random-source

experiment in the weakly scattering medium. In this

example, two direct arrivals are observed well separated in

time. Figure 2(b) shows the same data record after running-

absolute-mean normalization. A comparison between Figs.

2(a) and 2(b) suggests that little scattered energy is present

in the original data, as few scattered arrivals become appar-

ent after normalization at times between the direct arrivals.

Figure 3 shows the images obtained by the linear sam-

pling method for the different random-source experiments in

the weakly scattering medium, as well as the benchmark

image from the analogous controlled-source experiment. In all

FIG. 3. (Color online) (a–d) Reconstructions of the CWP letters obtained for the random-source experiments in the weakly scattering medium. (e)

Benchmark image obtained for the controlled-source experiment. The value of the regularization parameter a is indicated above each plot.
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of the random-source experiments, the method failed to image

the CWP letters, but identified a few of the random sources

present within the imaging domain [shown as the bright spots

in Figs. 3(a)–3(d)]. This is not surprising: since the velocity

contrast is weak, there is little to no scattered energy in the

recorded data that could be amplified from the normalization.

Hence, the scatterer is not detected. In Fig. 3(e), the bench-

mark image obtained from the controlled-source experiment

more clearly reconstructs the CWP letters.

F. Case II: Strong velocity contrast

Figure 4 shows a data record from a random-source

experiment in the strongly scattering medium before and

after normalization. Here, the amplification of multiply scat-

tered waves at times between the direct arrivals is apparent.

Figure 5 shows the images obtained by the linear sam-

pling method for the different random-source experiments

in the strongly scattering medium, as well as the benchmark

image from the analogous controlled-source experiment.

Unlike for the case of the random-source experiments in the

weakly scattering medium, here the linear sampling method

was able to reconstruct a rough estimate of the CWP letters

from the normalized data. In this case, however, the random

primary sources are not imaged. We attribute this to the fact

that strongly scattering media create scattered waves of lon-

ger duration which, after normalization, impose a stronger

constraint on the scatterer location.

Interestingly, the benchmark image shown in Fig. 5(e)

obtained from the controlled-source experiment shows the

CWP letters less clearly than those obtained from the

random-source experiments shown in Figs. 5(a)–5(d). In

particular, the linear sampling method appears to detect only

the outermost boundaries of the letters in the controlled-

source experiment. Physically, this is likely due to weak

transmission caused by the strong velocity contrast: most of

the energy approaching from the exterior of the letters does

not transmit through the letters. Finally, there is the fact that

the random-source experiments contain many more sources

of energy than the controlled-source experiments and, in

particular, sources that provide illumination between the let-

ters. Consequently, the interior of the CWP letters is better

illuminated in the random-source experiments than in the

controlled-source experiments, a fact which certainly

impacts the quality of the image.

IV. DISCUSSION AND CONCLUSIONS

We have shown that it is possible to image strong veloc-

ity contrasts within a nonattenuating acoustic medium in the

presence of random point sources whose locations and

source-time functions are unknown. The obtained images are

of relatively low resolution, which is not surprising given the

challenging conditions of this inverse problem. The success

of our approach lies in the fact that strongly scattering targets

generate a persistent coda of scattered energy that can be

detected and amplified during intermittent periods between

the relatively large (but transient) arrivals from random noise

sources. As demonstrated in Sec. III, weakly scattering targets

do not generate such coda waves and are therefore more diffi-

cult to image under the conditions of our experiment.

Opportunities for further research include generalizing

the proposed workflow to accommodate other types of

media and imaging targets, such as weakly attenuating

acoustic and elastic media. To this end, we note that the lin-

ear sampling method is already well established for elastic

media (e.g., Anagnostopoulos and Charalambopoulos, 2006;

Arens, 2001; Charalambopoulos et al., 2002; Fata and

Guzina, 2004; Guzina and Madyarov, 2007). As a direct

consequence of our assumption that the noise sources are

transient, we cannot apply our proposed workflow to image

targets using continuous sources, such as the “hum” of a fac-

tory or wind turbine (Gassenmeier et al., 2014). Finally,

data acquired in a laboratory or field experiment often have

various noises that must be suppressed before imaging. We

suspect careful consideration will need to be taken when

FIG. 4. (Color online) (a) A typical data record from a random-source experiment in the strongly scattering medium. (b) The same data record after

normalization.
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denoising the data and choosing the thresholding parameter

for normalization.
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