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Abstract—In this paper, broadband airgun data from the 1995 Shallow
Water Acoustics in Random Media (SWARM’95) experiment are analyzed
to study the influence of internal waves on sound propagation and modal
behavior, and the subsequent effects on geoacoustic inversion. Modal be-
havior and fluctuation due to sound intensity focusing and defocusing, when
the leading front of internal waves is parallel to and approaches or passes
through the acoustic propagation track, are presented. A modal filtering
technique, the time-warping transform, is applied to the airgun data to
resolve dispersed modes. The extracted modes are used to estimate seabed
model parameters by geoacoustic inversion. Two scenarios, defocusing and
focusing periods containing 14 events, are selected for study. Seven data sets
for each type (defocusing or focusing) are analyzed to extract dispersion
curves and carry out geoacoustic inversion. The inversion results for each
type of the events are similar with a small standard deviation from the
mean. However, the mean values and standard deviations for the defocus-
ing and focusing types are quite different. The impacts of internal waves
on inversion results are presented and discussed.

Index Terms—Defocusing and focusing, dispersion curves,
geoacoustic inversion, internal waves, warping transform.

I. INTRODUCTION

T HE impact of ocean environmental variations on sound propaga-
tion in shallow water has received much attention in recent years.

Of particular interest in this paper are the influence of internal waves
on sound propagation and modal behavior and the consequent effects
on geoacoustic inversion. Sound-field fluctuation due to internal waves
in shallow-water regions and the influence of internal waves on sound
propagation and sound intensity have been studied analytically, numer-
ically, and experimentally [1]–[11]. Zhou et al. [1] first examined the
frequency spectra variability in the Yellow Sea and recorded signifi-
cant intensity decreases for specific frequencies. This was referred to
as an “anomalous attenuation” and was reported as the result of reso-
nant interactions between acoustic waves and the quasiperiodic spatial
structure created by an internal solitary waves train propagating nearly
parallel to the acoustic propagation direction. Sound intensity expe-
riences focusing and defocusing fluctuations when the leading front
of internal waves is nearly parallel to and passes through the source–
receiver track. The interaction with the internal wave causes horizontal
refraction, and sound energy is removed from the acoustic propagation
plane [6], [9]–[12]. Furthermore, sound-speed fluctuations in the wa-
ter column due to internal waves cause coupling between propagating
acoustic modes.
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The effects of water column variability on geoacoustic inversion
have been studied by several researchers [13]–[16]. Lin et al. [13]
presented a method for evaluating the effect of water-column mismatch
on geoacoustic inversion and tested for linear and nonlinear internal
waves causing the water-column mismatch by numerical simulations.
Becker and Frisk [14] studied the effect of the water-column variability
on horizontal wave number estimation and geoacoustic inversion
using synthetic data, and concluded that mode coupling is important
even for weak internal waves but its effect on eigenvalue estimation
is negligible, and model-based geoacoustic inversion is robust using
a range averaged sound-speed profile. The ocean sound-speed profile
was parameterized in terms of empirical orthogonal functions and
inverted along with the geoacoustic parameters to account for the
varying water-column environment [15]. However, the approach in
[15] is not effective in environments with severe variation along the
propagation path that could cause mode coupling.

In this paper, we present analysis of broadband acoustic signals to
study the influence of internal waves on sound propagation, sound
intensity and modal behavior, and the consequent effect on the re-
sults of geoacoustic inversion under different scenarios: defocusing
and focusing events. The data were generated by an airgun source
at a shallow depth and recorded by a vertical line array (VLA) in
the 1995 Shallow Water Acoustics in Random Media (SWARM’95)
experiment at a shallow-water region of the New Jersey Shelf. The
airgun source provided high-quality long-range broadband data over
a frequency band between 20 and 180 Hz. Modal behavior and fluc-
tuation due to sound intensity focusing and defocusing are presented.
A modal filtering technique, the time-warping transform, is used for
time-frequency analysis to extract modal spectra and dispersion curves.
Modal arrival times from the estimated dispersion curves with known
source–receiver distance are used as input data for geoacoustic inver-
sion to estimate seabed geoacoustic properties. The inversion results
for the defocusing and focusing periods under the influence of internal
waves are presented and discussed.

The remainder of this paper is organized as follows. Section II
describes the experiment including oceanographic information. Sec-
tion III presents time-frequency analysis and warping transform to
resolve dispersion modes. Section IV presents inversion scheme and
inversion results, and discussions on the influence of the internal waves
on the inversion results between defocusing and focusing periods. Sec-
tion V summarizes the work.

II. DESCRIPTION OF THE EXPERIMENTS

The SWARM experiment was conducted at the Mid-Atlantic Bight
on the continental shelf region off the coast of New Jersey in
summer 1995 [5]. The data used in this paper were recorded in
a sub-experiment between 19:00 and 20:00 GMT on August 4.
The data were collected by a Woods Hole Oceanographic Institution
(WHOI, Woods Hole, MA, USA) VLA with 16 hydrophones evenly
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Fig. 1. Bathymetry map of the experimental site, acoustic propagation track
(dashed line) and the IW front (solid line) reconstructed at 17:20:30 GMT.

Fig. 2. (Top) Thermistor chain data between 19:00–20:00 GMT on August
4. (Middle) Sound-speed profiles generated from the thermistor chain data.
(Bottom) Sound intensity (W/m2) fluctuation during the same period and one
cycle of the fluctuation denoted by the lines consisting of seven defocusing
(e.g., 19:21–19:27) events and seven focusing (e.g. 19:28–19:34) events. Higher
intensity is indicated by red shades.

spaced at 3.5 m from 14.9 to 67.4 m below the sea surface. The data
were generated by an airgun source at 12 m below the sea surface and
15 km from the receiving array. The airgun source was fired at a rate of
1 min between shots. The water depth along the source–receiver track
was almost constant around 72 m. Fig. 1 shows the bathymetry map of
the experimental site, acoustic propagation track between the source
and the VLA, and the internal wave (IW) front. A thermistor chain
that spanned the water column at the VLA location was deployed to
measure temperature variation during the experiment. The temperature
was recorded every 30 s.

Fig. 2 plots the thermistor chain data (upper panel) between 19:00
and 20:00 GMT on August 4, and the sound-speed profiles gener-
ated from the thermistor data are shown in the middle panel. Badiey
et al. [5] showed that during this period an internal wave packet
was passing near the VLA through the acoustic propagation track.
Due to the internal wave passage, the temperature recorded on the
thermistor chain fluctuates near the water surface layer of 20–25
m and, as the depth increases, the temperature approaches a con-

Fig. 3. Sound-speed profiles during the seven defocusing and seven focusing
events denoted between the two lines in the bottom panel of Fig. 2.

stant value. Moreover, it is observed that the temperature fluctua-
tion has a period of approximately 12–15 min and the sound speed
in the upper layer of the water column has large variation, which
influences sound propagation and mode structure. Sound intensity
influenced by internal waves experiences focusing and defocusing. The
fluctuation of the sound intensity for the same period is shown in the
bottom panel. Data sets in one cycle of sound intensity fluctuation
denoted by the two lines in the plot are selected for study of modal
behavior and geoacoustic inversion. There are 14 data sets in the cycle,
seven data sets within the defocusing period (19:21–19:27) and seven
data sets within the focusing period (19:28–19:34). Fig. 3 plots the
sound-speed profiles during the seven defocusing events (solid curves)
and seven focusing events (dashed curves). For the focusing events, the
sound-speed profiles are very similar, while the sound-speed profiles
for the defocusing events are different and large variation occurs in
the upper layer of the water column, which influences the modal travel
times, especially for the higher order modes. During the defocusing pe-
riod mode amplitudes are reduced as sound energy from higher order
modes and higher frequency components is removed out of the acous-
tic propagation plane. The situation presented in this paper is different
from the cases studied in [14], [15], [17], and [18] where the majority
of water-column variability occurs at midwater depths.

III. TIME-FREQUENCY ANALYSIS

The internal wave influences sound intensity and modal prop-
erties in frequency content, amplitude, and number of modes
that can be resolved. Data received at the bottom hydrophone at
67.4 m below the sea surface are selected for the study. The envelopes
of the received signals from the bottom hydrophone for the selected
defocusing (left) and focusing (right) events are presented in Fig. 4. The
signals are obtained using 10-Hz narrowband filters on the broadband
signals with a carrier frequency of 60 Hz. Three modes are evident in
this frequency band for both the defocusing and focusing events, and
the sound intensity level of the second mode is strongest for the focus-
ing events. However, the modal amplitudes of the defocusing events
are weaker than those of the focusing events, and the sound intensity
levels within the defocusing and focusing events are also different due
to time variation of the oceanographic environment. Fig. 5 shows the
spectra of the signals of the defocusing (upper) and focusing (bottom)
events. In both plots several natural modulations are observed, which
are due to the bubble pulse oscillations. The useful band is from 20 to
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Fig. 4. Envelope of the received signals at the bottom most hydrophone as a
function of geotime for the defocusing (left) and focusing (right) events. The
same color scale is used for both plots, and warm colors represent large values.

Fig. 5. Spectra of the received signals for the defocusing (upper) and focusing
(bottom) events. The spectra are normalized by the same scale.

150 Hz and is separated into four sub-bands centered at 30, 60, 90, and
120 Hz. The bandwidth of each sub-band is quite narrow.

Time-frequency representations of the received signals for a defo-
cusing event at 19:25:00 (left) and a focusing event at 19:31:00 (right)
are presented in Fig. 6. The modal structures of the two events are
similar, whereas the number of modes and sound intensity levels are
different. There are three modes for the defocusing event and four
modes for the forcusing event. However, the modes are not separated.
The maximum sound intensity level of the forcusing event is around
four times larger than that of the defocusing event. This phenomenon
is due to horizontal refraction caused by internal wave solitons, which
pulls the sound energy in and out of the source–receiver plane and
leads to 3-D propagation [6], [9]–[12]. When the sound intensity expe-
riences defocusing, the higher frequency components of higher order
modes are reduced in strength due to the horizontal refraction, leading
to significantly weaker signal strength in the highest order modes. The
different modal behavior for different events and the different num-
ber of detected modes influence the overall depth penetration into the

Fig. 6. Spectrogram and the extracted dispersion curves of the received signal
on the bottom most hydrophone for a defocusing event at 19:25:00 (left) and a
focusing event at 19:31:00 (right). The same color scale is used for both plots,
and warm color represents large value.

Fig. 7. Warping transform of the focusing event at 19:31:00 presented in
the right panel of Fig. 6. (Upper left) The original signal. (Upper right) The
warped signal. (Bottom right) Spectrogram of the warped signal. (Bottom left)
Spectrogram of the original signal and extracted dispersion curves with samples
shown by the red circles. Warm color represents large value for the plots in the
bottom panels.

bottom and subsequently have effects on the results of geoacoustic
inversion. This will be discussed in Section IV.

To separate the modes and extract mode spectra and dispersion
curves of group speed, a modal filtering technique, the time-warping
transform [19], was applied to single hydrophone data. The warped
signal yw (t) is obtained by the time-warping transform on a given
signal y(t)

yw (t) =
√

|w′(t)|y[w(t)] (1)

where w(t) is the warping function and w′(t) is the derivative of w(t).
The warping function is defined as

w(t) =
√

t2 + t2
r , tr = r/cw (2)

where r is the source–receiver distance and cw is the water sound speed.
The warping transform is invertible. The transformation is adapted to
an ideal isospeed waveguide with a rigid bottom. However, it is robust
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Fig. 8. Extracted mode signal (upper) and spectrum (bottom, solid, dashed,
dotted and dash–dot curves represent modes 1, 2, 3, and 4, respectively) of the
defocusing (left) and focusing (right) events presented in Fig. 6. The same scale
is used for mode signals and the spectra, respectively.

to lack of detailed information about the sound channel and can be
applied to most low-frequency shallow-water scenarios [20], [21]. By
applying this transform to single hydrophone data dispersed modes can
be extracted.

Fig. 7 illustrates the application of the warping transform for the
focusing event at 19:31:00 presented in the right panel of Fig. 6. The
received signal (upper left) is transformed to a warped signal (upper
right). Its representation in the warped time-frequency domain is shown
in the bottom-right panel where the warped modes are separated. The re-
solved modes are then filtered and unwarped to the original time domain
using w−1 (t) to obtain the mode spectra and dispersion curves [21]. The
arrival time is obtained by the known source–receiver distance and the
extracted group speed. The spectrogram of the original signal is shown
in the bottom-left panel. For this focusing event four modes were ex-
tracted that cover the frequency band 20–160 Hz. The same procedure
was applied to the defocusing event at 19:25:00 presented in the left
panel of Fig. 6. Only three modes were extracted in the frequency band
20–130 Hz. The extracted dispersion curves for the defocusing and
focusing events are shown in Fig. 6 by the circles. Fig. 8 plots the
separated mode signal (upper panels) and the spectrum (bottom panels,
solid, dashed, dotted and dash–dot curves representing modes 1, 2, 3,
and 4, respectively) of the defocusing (left) and focusing (right) events
presented in Fig. 6. This procedure was applied to all of the defocusing
and focusing events to extract dispersion curves. The estimated dis-
persion curves for all of the selected defocusing and focusing events
are used as input for geoacoustic inversion to estimate the seabed pa-
rameters. Comparing the spectral amplitudes between the defocusing
(bottom left) and focusing (bottom right) events in Fig. 8, mode 1 is not
significantly affected by the internal wave, while mode 2 is influenced
most by the internal wave. This is also observed at hydrophones at
other depths, so it seems that the internal wave selectively affects mode
2. The reason could be that mode 2 has larger amplitude at shallower
depths where the internal wave has large effect.

It is noted that there are uncertainties when extracting the dispersion
curves since the warping transform involves manual operation. Due
to the influence of internal waves the waveguide is distorted and the
modes of the warped signal are not fully separated as shown in the
bottom-right panel of Fig. 7 where modes 1 and 2 interfere with each
other. To separate them and resolve each single mode, a mask function

Fig. 9. Single sediment layer over half-space geoacoustic model.

on the spectrogram of the warped signal is applied. This operation in-
troduces uncertainty in cutoff frequency, frequency coverage, and the
allocation of energy between modes 1 and 2 in this event. Resampling
also introduces uncertainty in cutoff and maximum frequencies. Denser
sampling can reduce some of the uncertainty, but computation time in-
creases. Uncertainties in the modal cutoff frequency and the frequency
band affect the inferred penetration depth of the signal, and will influ-
ence the estimates of the sediment sound speed and the thickness in the
inversion.

IV. INVERSION ALGORITHM AND DISCUSSION

OF INVERSION RESULTS

A. Inversion Algorithm

The inversion is based on modal arrival times for each frequency
component. The estimation for parameter vector m consisting of
seabed parameters is given by

m = min
m

⎧
⎨

⎩

N m, N f∑

m ,n =1

[
t̂m (fn ) − dt − t̂m (fn ,m)

]2

⎫
⎬

⎭
(3)

where Nm is the number of modes, Nf is the number of frequencies,
t̂m (fn ) is the modal arrival time obtained from the estimated dispersion
curves of group speed with the known source–receiver distance and a
reference value of the water sound speed, t̂m (fn ,m) is the predicted
modal arrival time, and dt is a scalar introduced in the inversion for the
correction of source emission time. The value of the parameter vectorm
minimizes the mean square error between the estimated and predicted
modal arrival time of each mode. An optimization algorithm, adaptive
simplex simulated annealing (ASSA) [22], is used in the inversion
to obtain optimal estimates. In Section IV-B, this inversion scheme
will be used to invert the estimated dispersion curves for the seven
defocusing and seven focusing events to estimate seabed parameters,
and the influence of acoustic frequency and number of modes on the
inversion results is discussed.

B. Inversion Results and Discussion

Due to the small variation of the bathymetry along the acoustic
propagation track, a range-independent geoacoustic model is assumed,
a one-layer over half-space model as shown in Fig. 9. The geoacous-
tic parameters are sound speed, density, and attenuation in both the
sediment and half-space, and the sediment thickness. Among these pa-
rameters only the sediment sound speed cp1 , thickness H , and density
ρ1 are set as estimated parameters, whereas other parameters including
attenuation in the sediment layer and geoacoustic parameters in the
substrate are assumed known since they are insensitive to modal arrival
times. These parameters are chosen based on the preexisting “ground

Authorized licensed use limited to: UNIVERSITY OF DELAWARE LIBRARY. Downloaded on September 29,2021 at 14:44:36 UTC from IEEE Xplore.  Restrictions apply. 



636 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 42, NO. 3, JULY 2017

Fig. 10. Dispersion curves for the defocusing (left) and focusing (right) events
shown in Fig. 6. The circles are the extracted dispersion curves shown in Fig. 6
and the solid curves are predicted from the inversion using ASSA optimization.

Fig. 11. Sensitivity plots of the sediment sound speed (upper) and the thick-
ness (bottom) for the defocusing (left) and focusing (right) events shown in
Fig. 6. The vertical line indicates the estimated value of each parameter. The
range of abscissa values for each parameter indicates the search interval.

truth” information of the New Jersey continental shelf near the exper-
imental site of SWARM’95 cited in [23] and the estimated values in
[23]. The scalar dt, as described in Section IV-A, is also included as an
estimated parameter.

Fig. 10 presents the extracted dispersion curves (circles)
and the predicted dispersion curves (solid lines) using ASSA
optimization for the events presented in Fig. 6. For both events, the
predicted dispersion curves agree very well with the extracted disper-
sion curves at all frequencies, except at the cutoff frequencies. The
inversion results indicate that dt is the most sensitive parameter, with a
decreasing hierarchy of sensitivity to the sediment sound speeds, layer
thickness, and density.

The sediment sound speed and the thickness are the most interesting
parameters and their sensitivity analyses are plotted in Fig. 11 for
the events presented in Fig. 6. The plots show the mismatch as a

TABLE I
INVERSION RESULTS OF THE DEFOCUSING EVENTS

TABLE II
INVERSION RESULTS OF THE FOCUSING EVENTS

function of each estimated parameter and the optimal values indicated
by the vertical lines. The sediment sound speed is sensitive, whereas
the sediment thickness is less sensitive. The inversion was applied to
all of the defocusing and focusing events in the selected time period,
and the inversion results show that the sensitivities of the estimated
parameters have similar patterns for each type of event.

The inversion results for the seven defocusing and seven focusing
events are listed in Tables I and II, which give the overview of the
inversion results of the estimated parameters. The estimated sediment
sound speed and the thickness for the defocusing events are all smaller
than those for the focusing events. The variation of the estimated sed-
iment sound speeds within the defocusing events is larger than that
within the focusing events. The mean and standard deviation are 1489
and 65.5 m/s for the defocusing events and 1677 and 24.9 m/s for the
focusing events, respectively. The variation of the estimated sediment
thickness within the defocusing event is smaller than that within the
focusing events. The mean and standard deviation are 20.4 and 4.14 m
for the defocusing events and 54.5 and 10.5 m for the focusing events,
respectively.

Figs. 12 and 13 show the histograms of the inversion results of the
sediment sound speed and the thickness for the defocusing (upper)
and focusing (bottom) events with the means (the vertical lines). The
sediment sound speed is narrowly distributed for the focusing events
compared with that for the defocusing events, and there is no overlap

Authorized licensed use limited to: UNIVERSITY OF DELAWARE LIBRARY. Downloaded on September 29,2021 at 14:44:36 UTC from IEEE Xplore.  Restrictions apply. 



DONG et al.: GEOACOUSTIC INVERSION OF AIRGUN DATA UNDER INFLUENCE OF INTERNAL WAVES 637

Fig. 12. Histogram of the inversion results listed in Tables I and II for the
sediment sound speed and the mean (the vertical line). (Top) Defocusing events.
(Bottom) Focusing events.

Fig. 13. Histogram of the inversion results listed in Tables I and II for the
sediment thickness and the mean (the vertical line). (Top) Defocusing events.
(Bottom) Focusing events.

between the inversion results of each type. For the sediment thickness
there is no overlap in the distributions of estimated values between the
inversions of each type of event.

The differences in the inversion results for the two types of events
are due to the different number of modes and frequency bands used
in the inversion, and the sound speed in the water column for the two
different types of events. However, the most significant impacts are
due to the number of modes and the frequency band of each mode, not
modal arrival times that have a relatively small effect on the inversion
results. To demonstrate this, the inversion procedure was repeated for
the focusing events with only three modes in three cases: 1) keeping
the frequency band unchanged; 2) changing the frequency band to the
maximum frequency band among the modes of the defocusing events;

3) changing the frequency band as the smallest frequency band of each
mode among the defocusing events. The inversion results (not listed
in Tables) for case 1) indicate that the sediment sound speed and the
thickness become relatively smaller than the estimated values with four
modes. The amount of the difference depends on the frequency band of
mode 4. The histograms (not plotted in figures) of the sediment sound
speed and the thickness are still in the same regime as for the focusing
events with four modes, and there is no overlap with the results for
the defocusing events. The histograms of the sediment sound speed
and the thickness for case 2) are shifted toward the estimated values
of the defocusing events and there is some overlap for the sediment
thickness with the results for the defocusing events. However, there is
still some overlap for both the sediment sound speed and the thickness
with the results for the focusing events with four modes. The sediment
sound speed and the thickness of the inversion results for case 3)
become similar with the results for the defocusing events, and the
histograms of the sediment sound speed and the thickness for this case
are shifted within the regime as for the defocusing events. Thus, the
differences between the focusing and defocusing events are removed
and the inversion results are more or less the same. The conclusion
from the tests that were carried out is that the number of modes and
the acoustic frequency band are significant factors that influence the
inversion results. Although the modal arrival times are changed due
to the differences in the water sound-speed profile, their impact on
the inversion results does not appear to be large, perhaps because the
changes in the lower order modes are relatively small.

A further remark is that the inversion results for the defocusing
events are not reliable. The inversion results for the focusing events are
close to the preexisting “ground truth” cited in [23] and the estimated
results in [23]. This could be explained by considering that the modal
structures for the focusing events are similar with those in the absence
of internal waves. However, this may not be true for other data sets
since there were no measured data without influence of the internal
waves available for analysis and comparison.

V. SUMMARY

In this paper, the influence of internal waves on sound propagation,
modal behavior, and dispersion curves is studied by analysis of the
broadband airgun data. The results of the analysis indicate that the
variation in the sound propagation environment has a strong impact on
the modal behavior and dispersion structure. The subsequent effects on
the estimation of geoacoustic parameters are investigated by inverting
arrival times of the dispersed modes from 14 data sets within a cycle
of the sound intensity fluctuation (seven data sets for each type: defo-
cusing and focusing) caused by internal waves. The inversion results
for the events within each type are similar with a small standard devia-
tion from the mean. However, the mean values and standard deviations
between the defocusing and focusing types are quite different. The
distributions of the inversion results between the two types have no
overlap. The analysis and the inversion results have demonstrated that
the number of modes and the acoustic frequency band of each mode
are the most important factors to cause changes in the estimated sedi-
ment sound speed and the thickness, while the differences in the water
sound speed in the upper part of the water column between defocusing
and focusing events have little influence on the estimated changes in
the sediment properties. The study in this paper indicates that detailed
information and analysis of the conditions in propagation environment
are crucial for doing geoacoustic inversion and obtaining reliable re-
sults. This might be also true for other inversion methods when using
frequency and amplitude information for inversion since the internal
waves change frequency and amplitude information as presented in this
paper.
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