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Abstract: Detailed knowledge of sound speed profiles and the sound
speed profile’s spatial and temporal variability resulting from internal
waves (IWs) are indispensable to investigating significant acoustic field
fluctuations in shallow water. A strategy to obtain a time-varying, three-
dimensional (3D) IW temperature field is presented. It uses two types of
simultaneous measurements: dense observations from a farm of thermis-
tor strings and IW surface expressions from a ship-based radar. Using
data from the Shallow Water 2006 experiment, the temperature field,
over multiple kilometers in range, was reconstructed and, fed to a 3D
acoustic model to demonstrate IW impacts on acoustic propagation.
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1. Introduction

Solitary internal waves are a common oceanic process on the continental shelf, where
strong tides and stratification occur over irregular topography. It is well recognized in
the acoustics community that accurate and adequate sampling of the ocean environ-
ment is critical to predictions of the acoustic fluctuations. This is especially true for
studies of acoustic interactions with IWs in shallow water regions.1 The reasons are
two-fold: (1) Complicated interactions between acoustics and IWs and (2) the complex-
ity and nonlinearity of the IW generation and propagation mechanisms. However, it is
costly, or even cost-prohibitive, to obtain environmental input parameters with an
adequate spatial resolution for use in acoustics models.

Early studies showed drastic large intensity fluctuations resulting from acoustic
propagation through the IW field.2 Such intensity fluctuations later were shown
through experimental observation and theoretical studies to have a strong dependence
on the angle between the acoustic track and the IW propagation direction.3–5 The IWs
can also horizontally refract (or reflect) sound, which is known as the horizontal
Lloyd’s mirror effect6–8 in the waveguide. In all these studies, non-curved IW fronts
were often assumed to obtain the physical understanding. Recently, the curvature of
IWs was shown to be critical in modeling acoustic ducting effects.9,10

Understanding the acoustic variability due to the IW field requires detailed
knowledge of the spatial and temporal evolution of the sound speed field induced by
IWs. However, detailed mapping of the IWs remains a challenging research topic, due
to the spatial dimensions and nonlinear dynamics of internal waves. Motions of the
water particles induced by the IWs generate a variable horizontal surface current. The
variable surface current interacts with the surface waves and modulates the sea surface
roughness, which is visible on radar images of the sea surface.11 Satellite optical sen-
sors and synthetic aperture radars are widely used to provide synoptic images of the
IWs in the oceans. While satellite and airborne remote sensing techniques can generate
important parameters, such as the wave propagation direction, the number of solitons
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per wave packet, etc., these observations cannot provide information on the temporal
evolution of the IW packets since they are severely under-sampled in time. Recently,
ship-based X-Band radars have been used to extract time evolving surface signature of
IWs.12 However, these do not have information in the depth dimension. Here we pres-
ent a combination of two strategies for mapping a propagating IW packet in shallow
water, based on the Shallow Water 2006 (SW06) experiment. Among the many types
of measurements available, we focus on utilizing two components of the SW06 data-
base: temperature records from a densely sampled thermistor farm and radar images
of the propagating IWs. This letter is organized as follows. Section 2 describes the IW
observations during SW06. Section 3 shows a detailed reconstruction of the 3D
temperature field using the simultaneously measured temperature data within the
thermistor farm and ship radar images. The impact of the reconstructed IW field on
3D acoustic propagation is also presented. Section 4 presents the discussions and
summary.

2. Internal wave observations during SW06 experiment

The SW06 experiment was a large-scale, multi-institutional experiment conducted on
the New Jersey continental shelf.13 During the experiment, a large number of thermis-
tor strings were densely deployed in a compact area. These temperature sensors
sampled the individual mooring locations for depth structure over an extended period
of time (over 1 month). In addition, ship-borne X-Band radars were used to track the
propagation of the IWs. A limited number of satellite images were also obtained dur-
ing the experiment.

A satellite image taken on 13 August 2006 shows the spatial variation of the
IW field as a snapshot [see Fig. 1(a)]. These IWs initiated at the shelf break and propa-
gated toward the shore. Depending on parameters such as the region’s bathymetry, the
stratification of water column at the origin, and the strength of tidal forcing, they gen-
erally formed as an organized packet, which then could be refracted and/or diffracted.
Two or more wave packets could interfere with each other and form complicated wave
structures. Such phenomena can cause highly anisotropic sound speed profiles. The IW
fronts inside circles (I), (II), and (III) in Fig. 1(a) show some of these pronounced fea-
tures (e.g., interference and bifurcation of different IW wave fronts). Although the sat-
ellite image can provide synoptic information over a large area, it is usually available
for only one snap shot per day. By contrast, in situ measurements of multiple thermis-
tor strings can provide detailed temperature profiles over time sampled at half-minute
intervals. Here, 18 thermistor arrays, referred to as the “thermistor farm” in this letter,
were densely deployed within a 4 km� 4 km region. Figure 1(b) shows the locations of
the thermistors. Most of the thermistor arrays, 15 out of 18, covered the water column
between 14 and 40 m from the surface, while the other three (#54, #30, and #31) cov-
ered from 14 m to the sea bottom. These sensors recorded temperature profiles every
30 s over a 1-month period. The temperature data at each thermistor were linearly
interpolated to a time grid of 2 s and a vertical spatial grid of 0.5 m. Figure 1(c) and
1(d) show IW measurements between 14 and 40 m from two thermistor arrays at
mooring locations #15 and #5, respectively. It is noticed that as the IWs traveled from
thermistor #15 at the south, toward the upper corner (thermistor #5), the solitons
within the packet separated from each other and changed from an interfering structure
to an organized wave front pattern. Even within this short distance (2.25 km), tempera-
ture profiles exhibited significant spatial variations.

Another type of observations proven useful is surface imaging from ship-based
X-band radar. During the experiment, the research vessel (R/V) Oceanus tracked the
leading IW front as the IW packet propagated toward the shoreline. In Fig. 1(b), the
surface impressions from the radar are overlaid on the top of the thermistor farm loca-
tion. The benefit of the radar measurement is its coverage, with a diameter of 4–6 km,
and also its mobility. In the next section, both ship radar images and thermistor farm
measurements will be used for mapping a time-varying, 3D IW temperature field.
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3. Reconstruction of a 3D internal wave temperature field

The temperature field of a relatively large area, for example, at least many square kilo-
meters, needs to be obtained to study IW impacts on low acoustic frequencies. In this
section, we will demonstrate how to reconstruct a 3D IW field using two types of
measurements: data from the thermistor farm and surface impressions from ship-based
radar. Such a reconstruction is achieved in two steps. First, data interpolation within
the thermistor farm is performed. Then the interpolated temperature field is extended
with the aid of the radar images. Prior to interpolation, the correlation coefficients in
both along-shelf (thermistors #15 and #17) and cross-shelf (thermistors #15 and #5)
directions were calculated using the measured temperature data for the first eight IW
fronts. The minimum correlation coefficients were greater than 0.70 among the thermis-
tor moorings. This indicates that the correlation of the IW field was high within the
thermistor farm that was designed using a logarithmic spacing between moorings in
both along-shelf and cross-shelf directions. Therefore, the measurements could be aliased
for the later waves in a wave train. The cross-shelf correlation coefficients calculated
between thermistors #15 and #17 showed that the later waves were slightly less corre-
lated (0.75 for the first four leading IW fronts and 0.72 for the subsequent four fronts),
but the measurements were not aliased from the thermistor farm sampling. To obtain
the interpolated field, the thermistor farm area was divided into 24 triangles as shown in
Fig. 1(b). Within these small triangular areas, the IW packet was assumed to have con-
stant speed. As shown in Figs. 1(c) and 1(d), the IW fronts at each thermistor string can
be identified. The leading wave front with the maximum amplitude was used to calculate

Fig. 1. (Color online) (a) Satellite picture of internal wave packets on 13 August 2006 showing various wave
front features. (b) Enlarged map of the yellow box in (a) showing the experimental area with bathymetric con-
tours. The locations of thermistor farm containing 18 vertical arrays and their labels are represented by small
circular numbered dots. The footprint of the ship’s radar (shown by gray dots) is also shown for the event on 17
August 2006. (c) and (d) Propagation of the internal wave packet through the thermistor farm showing meas-
ured temperature profiles at thermistors #15 and #5, respectively.
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arrival times at all the thermistor string locations. The arrival time and the time-evolving
temperature field at any point within each triangle were obtained using a Barycentric
interpolation method widely used in computer graphics and geometry processing. The
interpolation is shown by Eqs. (1) and (2), respectively,

t0ða; b; cÞ ¼ at1 þ bt2 þ ct3; (1)

T0ða; b; c; z; tÞ ¼ aT1ðz; tþ t1 � t0Þ þ bT2ðz; tþ t2 � t0Þ þ cT3ðz; tþ t3 � t0Þ; (2)

where aþ bþ c ¼ 1; a; b; and c 2 ½0; 1�, are Barycentric coordinates converted from
Cartesian coordinates;14 z is the depth; t0 and T0 are the arrival time and temperature
at any point within the triangle, respectively; ti and Ti, i¼ 1, 2, and 3, are the meas-
ured arrival times and temperatures at the three vertices of the triangle, respectively;
ti � t0, is the arrival time difference between the point and the vertices. The coordi-
nates (a; b; and cÞ of any point of the triangle are used as the weighting factors and are
proportional to the distance between the point and one of the edges. If one of the
coordinates is 0, the corresponding point is on the edge. If two of the coordinates are
0, the corresponding point is one of the vertices. During the experiment, other meas-
urements (e.g., CTD sensors and ship-based ACDPs) indicated a stable isothermal
warmer surface layer above 14 m and a stable isothermal cooler bottom layer below
40 m. Here, the Barycentric interpolation was only performed to obtain the tempera-
ture field between 14 and 40 m. Figure 2(a) shows the interpolated temperature field at
the depth of 28.5 m for 22:36:00 Greenwich Mean Time (GMT) on 17 August 2006,
when a strong IW packet propagated through the thermistor farm. Except for the first
wave front showing a distinctly stronger feature, the later wave fronts had a compli-
cated spatial structure with different curvatures, interference features, and wave front
bifurcation. These were similar to what was observed in satellite images [see Fig. 1(a)].
As shown in Fig. 2(a), the thermistor farm can provide detailed, time-evolving

Fig. 2. (Color online) (a) Interpolated temperature data (28.5 m below sea surface) within the thermistor farm at
22:36:00 on 17 August 2006. (b) The ship’s radar image (in gray dots) is overlaid by interpolated temperature
data. The circle shows the area of radar coverage. The dashed-dotted lines represent the wave fronts obtained
by fourth order polynomial fitting of the bright bands on the radar image. The internal wave front patterns
shown on the radar image are continuations of the fronts shown from thermistor data. (c) Interpolated tempera-
ture profile between 14 and 40 m in the water column as a function of range during its propagation. The solid
curve below represents the temperature contour at 22 �C.
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temperature profiles over a designated area. This area, even with 18 moorings, was
limited for low frequency acoustical modeling. By contrast, a single radar, for example
the radar onboard of the R/V Oceanus, can provide a foot-print comparable to that of
the thermistor farm. The ship radar image, showing alternating bright and dark bands,
is overlaid with the Barycentric interpolated temperature field in Fig. 2(b). As shown
in Fig. 1(b) and also Fig. 2(b), five major wave fronts can be seen from the ship radar
image. To precisely identify each wave front, a fourth order polynomial fitting of the
bright bands with high radar backscatter intensity was performed. The wave fronts
obtained from the radar image are shown by dashed lines in Fig. 2(b). Some of the
thermistor farm area was covered by the radar foot print. The wave fronts identified
by polynomial fitting largely overlapped with the ones seen from temperature data.
This suggested the radar images can be used to infer IW wave fronts and their curva-
ture when there are no temperature measurements. However, there are limits to such
inferences that depend on the physics of the radar backscatter as well as the subsurface
oceanographic conditions. Figure 2(c) shows the side view of the interpolated tempera-
ture field along the track connecting the thermistors #54, #15, #12, #9, and #5. The
normalized intensity of radar backscatter from the sea surface for this track is also
shown by a line on the top. The leading wave front observed in the interpolated tem-
perature field showed strong correlation with strong radar backscattering intensity.
Such a statement is also true for the second and third wave fronts. However, the corre-
lation between the temperature field and the radar backscattering intensity was not
consistent for later wave fronts. This may be due to noisy radar backscatter signals or
due to the complicated IW structure for later wave fronts in the group. This inconsis-
tency is an interesting point for future research, and it is not within the scope of this
letter. It is natural to combine the two types of simultaneous measurements (i.e.,
thermistor data and ship’s radar images) to reconstruct the IW field over a larger
region. The curvature of the IW fronts from radar images shown as dashed-dotted
curves in Fig. 2(b) was used for the extrapolation. Assuming the temperature profiles
along the IW fronts under the radar image are the same as the corresponding ones on
the edge of the thermistor farm (#54,14,30,8,4), we can extrapolate the temperature
field and obtain the reconstructed field shown in Fig. 3(a). For comparison, an alterna-
tive extrapolation method is to utilize a non-curved IW front assumption used in some
modeling efforts. This resulted in a different temperature field as shown in Fig. 3(b).
Acoustic propagation modeling is performed to demonstrate the impact of the two dif-
ferent reconstructed IW fields (i.e., the curved and non-curved wave fronts). It is noted
that there are no acoustic data (i.e., both source-receiver) within the footprint of the
reconstructed environments. Hence, acoustic modeling is used to make the point here.
The reconstructed temperature fields shown in Figs. 3(a) and 3(b) were fed to a 3D
parabolic equation as environmental inputs.15 The 3D parabolic equation uses the
split-step Fourier marching algorithm in the Cartesian coordinate. A half-space bottom
model with constant seabed sound speed (1650 m/s) and attenuation (0.5 dB/ k) were
used in the 3D parabolic equation runs. The source depth was 68.5 m, which was 10 m
above the bottom. The source location is shown as a star in Figs. 3(c) and 3(d). The
resulting depth-integrated acoustic intensity at 250 Hz is also shown in Figs. 3(c) and
3(d), corresponding to Figs. 3(a) and 3(b). In both cases, the acoustic fields exhibit
strong azimuthal and range-dependent fluctuations. It is important to note that the
acoustic field shown between Fig. 3(c) and Fig. 3(d) illustrates clear differences over the
interpolated area. To quantitatively assess the acoustic difference from the two recon-
structed IW fields, the depth-integrated acoustic intensity at a range of 7 km is shown in
Fig. 3(e) for both cases. The non-curved case resulted in acoustic fluctuations of up to
7 dB. The curved case resulted in acoustic fluctuations of up to 10 dB. Further, the
largest discrepancy between the two cases was more than 7 dB, which amounted to the
intensity fluctuation of the non-curved wave front case. These results show that acoustic
interactions with IWs were highly sensitive to the curvature of the IWs when the
azimuthal angle between the IW fronts and the source-receiver track were small (611�).
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4. Discussion and summary

We have presented an observation-based strategy to get the fine structure of time-
evolving IW field over a relatively large region (about 8 km� 8 km). This strategy
mainly utilizes two types of measurements that were collected simultaneously: dense
observations from multiple thermistor strings and images from a ship-based X-band ra-
dar. The former provides temperature profiles over time when the IWs pass through
the mooring region. The latter provides surface expressions of the propagating IWs
when the waves travel inshore. Using the unique data from the SW06 experiment, we
show that the combined strategy can provide a region of propagating IWs over the
continental shelf. The curvature of the IWs and other dynamic features were thus repli-
cated. Due to experimental limitations, there are no source-receiver geometries within
the reconstructed footprint of the IW data. Therefore, we use the three-dimensional PE
model and reconstructed sound speed input data to show the utility of the proposed
method. Three-dimensional acoustic parabolic equation modeling was applied, using
the reconstructed environmental data of the IW field. It is shown that the realistic
reconstructed environmental data can substantially change a realization of the intensity
of the 3D predicted acoustic field when compared with a simple straight line IW model
as shown in Fig. 3(e).

Fig. 3. (Color online) (a) Re-constructed temperature field (28.5 m below sea surface) at 22:15:00 GMT on 17
August 2006 obtained by extrapolating the temperature data within the thermistor farm. The curvature of the
internal wave front within the thermistor farm is extended to the larger area under the radar coverage and is
considered in the extrapolation. (b) Similar extrapolation using straight line internal wave fronts. (c) Acoustic
field calculated using curved internal wave fronts. (d) Acoustic field calculation using straight-line internal wave
fronts. (e) Relative acoustic intensity versus azimuthal angle at a range of 7 km. Note the result for the straight-
line wave front case [(d)] shows substantial differences at some angles from the more realistic, curved wave front
case [(c)]. The azimuthal angle is 0 when the IW front is parallel to the acoustic propagation direction.
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It is worthwhile to mention that the detailed measurements from the thermis-
tor farm and the interpolation results are unique by themselves. They can be valuable
as ground truth in verifying internal wave modeling efforts. We show that the com-
bined strategy using the thermistor farm and the radar images can provide an extended
coverage for mapping internal waves. One variant of this strategy can be combining
satellite or ship-based radar images with just one moored thermistor string. This will
provide useful inputs to acoustic models at low costs. Also, it is noticed that obtaining
this kind of input will be very useful in statistical assessment of important acoustic pa-
rameters such as scintillation index (SI) versus range, frequency, and azimuth, which is
our future plans.
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