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Abstract: Arrival time fluctuations of coherent reflections from surface
gravity waves are examined. A two-dimensional ray model with an
evolving rough sea surface is used to explain the mechanism and forma-
tion of the deterministic striation patterns due to the surface reflection.
Arrival time predictions from the ray model match qualitatively well
with the measurements from bidirectional acoustic transmissions in a
water depth of 100 m.
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1. Introduction

Surface gravity waves can have significant effects on high frequency (7 to 13 kHz)
acoustic wave reflection, scattering, and propagation. Here, the particular focus is on
coherent reflections from the dynamic upper boundary. This problem has been of inter-
est in the underwater acoustics community for several years. A comprehensive review
of scattering and reflection of sound waves at the ocean surface was given in 1970,
when acoustic interactions with a rough surface were defined as functions of time,
acoustic frequency, and geometry.1

In the following decades, several theoretical and experimental studies were
conducted in high frequency acoustic signal propagation and scattering in shallow
water regions, where the effects of the moving sea surface can be important.2–4 In the
late 1990s assessment of the channel impulse response functions in frequency ranges of
1 to 25 kHz related to temporal changes of the water column and the sea surface
gained attention. This led to observation and understanding of some deterministic fea-
tures of time evolving channel impulse response functions.5,6 In 2004, coherent returns
from the sea surface were reported in a very shallow waveguide (6 m depth)7 and
strong, fast-fluctuating acoustic focusing, referred to as a butterfly pattern, were
explained by the formation of caustics due to the shoaling surface waves. Later, theo-
retical results from wavefront modeling, along with a tank experiment at the acoustic
frequency of 200 kHz, showed that interference patterns occur as a result of multiple
surface-reflected eigenrays from neighboring wave crests.8 Most recently, an experiment
conducted in a water depth of 15 m demonstrated highly transient surface reflection
arrivals resulting from deterministic forward surface reflections.9

During the summer of 2011, an experiment was performed (referred to as the
KAM11 experiment) in a water depth of 100 m near the Kauai Island, Hawaii, where
reciprocal transmissions from two bottom-mounted transducers were performed.10

Strong striation patterns with extended delay in surface bounced arrivals were shown.
These patterns were modeled using a two-dimensional (2D) parabolic equation
model.10 In this paper, we present the driving mechanism behind the formation of
striation patterns using a ray model combined with a time evolving sea surface. We
examine the corresponding effects of surface wave spectrum spread and high frequency
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surface waves. This problem is inherently three-dimensional; however, for this study
we limit our discussions to the 2D plane, following the methodology used in Ref. 10,
where qualitative agreement between the data and model output was obtained. This
paper is organized as follows: Section 2 presents the acoustic and surface wave obser-
vations from the KAM11 experiment. Section 3 explains the mechanism of the coher-
ent reflection using the BELLHOP ray model11 with moving surfaces. This explanation
is extended in Sec. 4 to include the ray model results under a measured surface wave
spectrum and to show the data model comparison. Section 5 provides a summary of
this work.

2. KAM11 experiment

The KAM11 experiment was conducted during the summer of 2011 in a 100 m deep,
shallow water region near Kauai Island, Hawaii.10 Two seafloor tripod transceiver sys-
tems configured with an 8-element hydrophone array and top mounted transducer
were deployed 1 km apart at STA05 and STA07 as shown in Fig. 1(a), on July 10th
and 11th. Repeated 40 s chirp sequences (bandwidth of 7 to 13 kHz and duration of
48 ms for a single chirp signal) were sent on a 4-min schedule with a 2-min offset from
the two tripods. A monitoring hydrophone was deployed at a depth of 25 m from the
bow of the R/V Kilo Moana, which held station by a dynamic positioning system
approximately midway between the two tripods [Fig. 1(a)]. A 16-element thermistor
string and a Waverider buoy collected environmental data. Here the measurements col-
lected on July 10, 2011 23:52-54 UTC are analyzed. Figures 1(b) and 1(c) show power
spectral density (Sf) for surface wave spectra and sound speed profiles, respectively,
throughout the tripod deployment. The dominant wave direction was about 42� to 45�

from the Northeast, consistent with the wave direction over the frequencies of 0.1 to
0.3 Hz, where the main wave energy was concentrated.

Figure 1(d) shows the measured impulse responses between the STA05 source
and the monitoring hydrophone. Figure 1(e) shows the arrival patterns from the recip-
rocal STA07 transmission. The acoustic measurements in both subplots show coherent
reflections from moving surface waves. Different parts of the ocean surface can gener-
ate strong, coherent reflections, which arrive at the receiving monitoring hydrophone

Fig. 1. (Color online) KAM11 observations. (a) Experimental geometry showing the angle between the surface
wave propagation and the acoustic track. The average angles h¼ 42� for the acoustic track between STA07 and
the monitoring hydrophone and h¼ 12� for the STA05 track. (b) Measured wave spectrums and (c) sound speed
profiles for two different geotimes. (d) Measured intensity impulse response from STA05 to the monitoring
hydrophone. (e) Measured intensity impulse responses from STA07 to the monitoring hydrophone.
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at varying arrival times (relative to range of the surface reflection from the receiver).
These short-time surface-interacting paths cover an extended span in arrival time.
When the ocean surface moves, some of the coherent surface returns show varying
delay over time, giving a striation pattern. The striation pattern has a strong direc-
tionality, which relates to the angle between the acoustic track and the relative direc-
tion of surface wave front k [Fig. 1(a) inset]. Based on examination of surface
returns, the moving surface generated Doppler shifts in the 0.25 to 2 Hz range. This
amount of Doppler shift did not impact the pulse compression process of the chirp
sequences.

We define h as the angle between the acoustic track and the dominant surface
wave train such that when the surface waves propagate parallel to the acoustic track,
the angle is 0�, that is, h¼ 0�. When h¼ 90�, the acoustic track and surface wave
propagation are perpendicular. Increasing h leads to a longer apparent surface wave
wavelength, ks, projected in the 2D plane, which encompasses the acoustic source and
receiver. The relationship is given by ks¼ k/cos h, where k is the true surface wave
wavelength. The average angles are h¼ 42� for the acoustic track between STA07 and
the monitoring hydrophone and h¼ 12� for the STA05 track during the measurement
period considered (Fig. 1).

3. Mechanism of the coherent reflections

We use the BELLHOP ray model, combined with moving sea surface inputs, to study
the mechanism of the observed coherent reflections. When the surface progresses over
time, the snapshots of the moving surface are fed to the BELLHOP model. The ray
model calculates the acoustic rays under each surface snapshot. With multiple succes-
sive runs, the acoustic model generates time-varying acoustic arrivals.

Figure 2(a) shows the ray diagram under a snapshot of a moving sinusoidal
surface where the source/receiver geometry matches the STA05 to monitoring hydro-
phone track. The properties of the sinusoidal surface are taken from the measured sur-
face wave spectrum in Fig. 2(d), which has a peak amplitude at 0.11 Hz. The corre-
sponding wavelength is 129 m and the significant wave height is 1.5 m. Three segments
of the surface, one at a wave crest and two around the neighboring troughs, reflect the

Fig. 2. Coherent reflections from sinusoidal and random surfaces. (a) BELLHOP ray trace diagram. (b) Arrival
time patterns of the surface returns under a moving sinusoid surface wave. Surface wave frequency, wavelength,
and height are chosen as 0.11 Hz, 129 m, and 1.5 m, respectively, for h¼ 0�. (c) Similar to (b), except h¼ 50�. (d)
Measured surface wave spectrum with high frequency extension. Arrival time patterns of the surface returns for
wave bandwidths of 0.132 Hz (e) and 0.198 Hz (f).
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acoustic rays to the receiver, generating three micro-paths for the surface eigenrays
(black) in Fig. 2(a) inset. Due to the close proximity of the source to the seafloor, the
same phenomenon generates the surface-bottom interacting paths (gray).

When the surface wave moves slightly, the reflections from three surface
patches can still reach the receiver as coherent arrivals. The arrival patterns for the sur-
face and bottom eigenrays are shown in Fig. 2(b) under the moving sinusoid surface
for 40 s. We note that the ray arrival pattern is closely related to the butterfly structure
that was previously reported in a very shallow water waveguide.6

Due to the source-receiver geometry, the butterfly shape resulting from a sinu-
soidal wave is not symmetric. Rather, it is skewed as shown in Fig. 2(b) and arrival
time delay in the butterfly pattern increases with geotime. When the direction of sur-
face wave propagation is reversed in the sinusoidal surface simulation, the arrival time
delay in the butterfly pattern decreases with geotime progression. This is similar to the
observed data [see Figs. 1(d) and 1(e)]. When source and receiver are at the same
depth, a symmetrical butterfly is generated. Ray simulations show that variation of the
water column sound speed profile in this experimental data has limited impacts on the
butterfly shape and its formation.

We define b¼H/ks as the ratio of the significant wave height H to the sur-
face wavelength ks along the acoustic track in the 2D acoustic propagation plane.
The ratio b is important to the formation of the caustics under the moving surface.
For a given range and geometry, a threshold ratio exists above which the butterfly
shape will form in the arrival pattern. A larger value of b is more likely to generate
the butterfly shape since it corresponds to a steep surface wave shape. We note that
the angle between the surface wave train relative to the acoustic path becomes impor-
tant as it changes the projected surface wavelength ks. Computer simulations reveal
that sinusoidal surface waves with parameters h¼ 50� and ks¼ 129 m narrowly allow
butterfly pattern formation in Fig. 2(c) for a significant surface wave height of 1.5 m.
For this geometry, the threshold for “butterfly” formation is b> 0.007. This corre-
sponds to a projected wavelength of 215 m and significant wave height of 1.5 m. The
threshold for butterfly formation was obtained from computer simulations, specifi-
cally the BELLHOP simulations over the sinusoidal wave surfaces. If the values of k
or H are modified such that b< 0.007, the wave steepness is no longer sufficient to
form folded wavefront arrivals.

To reproduce the surface effects observed in the experiment, we used an evolv-
ing linear sea surface model for inputs to BELLHOP.12 We note that a single-
frequency sinusoidal surface wave cannot create the extended delays shown in the data
[Figs. 1(d) and 1(e)]. The extended delays are only created under surface waves with
spread spectra. The smooth arrival pattern without caustics in Fig. 2(e) results from
running BELLHOP with a narrow spectrum with bandwidth¼ 0.132 Hz in Fig. 2(d).
Inclusion of some high frequency components of the surface wave can increase the
chance for the caustics. This is shown by extending the narrow spectrum by 50% to a
bandwidth of 0.198 Hz. The resultant arrival time pattern for the surface path is shown
in Fig. 2(f), where the butterfly formation appears at the beginning and fades out after
20 s. The disappearance of the caustics is caused by the smaller wave crests passing
through the acoustic track.

4. Coherent reflection under a linear surface wave

A data-model comparison is performed by running BELLHOP based on the experi-
mental setup and using the measured sound speed profile and surface wave spectrum
on July 10, 2011 23:52-54 UTC, a different period than previously examined.10 The
surface wave spectrum was extended to 2 Hz and rolls off in a manner �x�5 [dashed
line starting from 0.6 Hz in Fig. 2(d)]. The moving surface was simulated based on the
extended wave spectrum, augmented with a random phase. Therefore, the data-model
comparison shown in this section is a statistical one. The surface simulation used the
directional information over all the wave frequency components.
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Figure 3 shows the data-model comparison results. Figure 3(a) shows the
BELLHOP modeling results for the STA05 to monitoring hydrophone path, while Fig.
3(b) displays this result overlaid on the measured impulse response for this acoustic
track. Figure 3(b) shows notable agreements between the measurements and modeled
results. The direct and bottom paths are evident in the comparison (both data and
model outputs). Multiple features of surface reflections are predicted by the ray model.
First, the early surface reflection arrivals from the measurements show undulations
when the sea surface moves up-and-down. This is reflected in the model outputs.
Second, coherent reflection patterns or “striations” with extended delay are modeled
by the ray model. The trend in impulse response measurements is closely matched by
the overlaid BELLHOP results in the 6 to 10 ms arrival time range. Third, both data
and model outputs show that the surface reflections extend into the 10 to 15 ms range
in arrival-time intermittently for the STA05 source. These late surface returns share
the directionality of the earlier reflection patterns and are closely approximated by the
BELLHOP outputs.

Figures 3(c) and 3(d) share much of the above similarity in direct, bottom,
and initial surface paths. However, the transmission direction is reversed and the range
is shorter. It is 460 m for the STA07 source transmissions, compared with 570 m for
the STA05 sequences. As a result, the directionality of the striations is reversed, show-
ing decreasing arrival time delays with advancing geotime. In the 8 to 12 ms range,
there is good agreement between measured striation directionality and BELLHOP
results. It is noted that extension of coherent surface wave reflections in the arrival
time was dependent on the wave spectrum spread.

5. Conclusion

In this Letter, we have analyzed acoustic bidirectional transmissions during the
KAM11 experiment, with a focus on arrival time fluctuations of coherent reflections
from the surface gravity waves. A 2D ray model with an evolving rough sea surface
has been used to explain the mechanism and formation of the deterministic striation
patterns. With a moving linear surface wave generated from measured surface spec-
trum, the 2D ray model can provide qualitative matching results for the arrival time
fluctuating of the surface returns.

Fig. 3. (Color online) Data-model comparison for arrival time patterns. (a) Ray results for the STA05 source.
(b) Overlay of the model results on measured impulse response for the STA05 source. (c) Ray results for the
STA07 source. (d) Overlay of the model results on measured impulse response for the STA07 source.
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