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High-Resolution Mapping of Mines and Ripples at
the Martha’s Vineyard Coastal Observatory
Larry A. Mayer, Richard Raymond, Gerd Glang, Michael D. Richardson, Peter Traykovski, and
Arthur C. Trembanis

Abstract—High-resolution multibeam sonar and state-of-theart data processing and visualization techniques have been used
to quantify the evolution of seafloor morphology and the degree
of burial of instrumented mines and mine-shapes as part of
the U.S. Office of Naval Research (ONR, Arlington, VA) mine
burial experiment at the Martha’s Vineyard Coastal Observatory
(MVCO, Edgartown, MA). Four surveys were conducted over
two years at the experiment site with a 455-kHz, Reson 8125 dynamically focused multibeam sonar. The region is characterized
by shore-perpendicular alternating zones of coarse-grained sand
with 5–25-cm-high, wave orbital-scale ripples, and zones of finer
grained sands with smaller (2–5-cm-high) anorbital ripples and,
on occasion, medium scale 10–20-cm-high, chaotic or hummocky
bedforms. The boundaries between the zones appear to respond
over periods of days to months to the predominant wave direction
and energy. Smoothing and small shifts of the boundaries to the
northeast take place during fair-weather wave conditions while
erosion (scalloping of the boundary) and shifts to the north-northwest occur during storm conditions. The multibeam sonar was
also able to resolve changes in the orientation and height of
fields of ripples that were directly related to the differences in
the prevailing wave direction and energy. The alignment of the
small scale bedforms with the prevailing wave conditions appears
to occur rapidly (on the order of hours or days) when the wave
conditions exceed the threshold of sediment motion (most of
the time for the fine sands) and particularly during moderate
storm conditions. During storm events, erosional “windows” to
the coarse layer below appear in the fine-grained sands. These

“window” features are oriented parallel to the prevailing wave
direction and reveal orbital-scale ripples that are oriented perpendicular to the prevailing wave direction. The resolution of
the multibeam sonar combined with 3-D visualization techniques
provided realistic looking images of both instrumented and
noninstrumented mines and mine-like objects (including bomb,
Manta, and Rockan shapes) that were dimensionally correct and
enabled unambiguous identification of the mine type. In two
of the surveys (October and December 2004), the mines in the
fine-grained sands scoured into local pits but were still perfectly
visible and identifiable with the multibeam sonar. In the April
2004 survey, the mines were not visible and apparently were
completely buried. In the coarse-grained sand zone, the mines
were extremely difficult to detect after initial scour burial as the
mines bury until they present the same hydrodynamic roughness
as the orbital-scale bedforms and thus blend into the ambient
ripple field. Given the relatively large, 3-D, spatial coverage of the
multibeam sonar along with its ability to measure the depth of the
seafloor and the depth and dimensions of the mine, it is possible
to measure directly, the burial by depth and burial by surface
area of the mines. The 3-D nature of the multibeam sonar data
also allows the direct determination of the volume of material
removed from a scour pit.
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I. INTRODUCTION

Index Terms—High-resolution seafloor mapping, hummocky
bedforms, mine burial and detection, multibeam sonar, rippled
scour depressions, sorted bedforms.

N an effort to better understand the coastal processes responsible for the burial and exposure of small objects on the
seafloor, the U.S. Office of Naval Research (ONR, Arlington,
VA) sponsored the mine burial program which included a series
of field, laboratory, and theoretical efforts [1]. Amongst the field
areas chosen for experimental work was the region around the
Martha’s Vineyard Coastal Observatory (MVCO, Edgartown,
MA) operated by the Woods Hole Oceanographic Institution
(WHOI, Woods Hole, MA) [2]. A fundamental component of
this field work was the deployment of a number of instrumented
mines and other sensors capable of monitoring environmental
conditions as well as the orientation and extent of burial of the
mines [3], [4].
The MVCO area was chosen because it was known to be a
dynamic region with sufficient energy to bury mines by scour,
a wide range of sediment types, and evidence of bedform migration [5]. Most importantly, the MVCO “node,” a submerged
structure in the center of the field area, cabled to a shore station,
provided a platform upon which to attach instruments for realtime monitoring of environmental conditions (e.g., wave direction, waveheight, wave period, tide, and current direction). The
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Fig. 1. Three scales of surveys conducted around the MVCO node during the July 2002 reconnaissance survey. A 3 5-km box with line spacing of 20–40 m,
a 1 1-km box with a line spacing of 12–25 m, and a 100 400-m box with a line spacing of 4 m. The MVCO node is represented by black star in the middle
of the 4-m line spacing box. Depths on the chart are in feet.

2

2

node also provided means to connect other instruments (e.g., instrumented mines, sector scanning, and pencil-beam sonars) directly to the shore for real-time, continuous monitoring of mine
behavior [3], [6].
In support of these experiments, the MVCO field area was
mapped using high-resolution multibeam sonar on four occasions (July 13–18, 2002, October 4–6, 2003, December 4–5,
2003, and April 8–10, 2004). The mapping program had several
objectives. Initially, its purpose was to provide a basemap that
could be used to determine the optimal locations for the deployment of seafloor instruments and mines. The first pre-mine-deployment survey (in July of 2002) covered an area of 3 5 km
centered around the MVCO node at various scales of mapping
resolution (Fig. 1). This survey was designed to provide the
overall geospatial context for the experiment. Subsequent surveys (October 2003, December 2003, and April 2004) focused
1 km ) again centered
on a smaller area (approximately 1
around the MVCO node (Fig. 1). These subsequent surveys provided snapshots of changes in the local morphology over the
course of the experiment.

While mapping the regional context and local morphology
around the MVCO site was a task that we were confident we
could complete, we also established several objectives which
would severely push the limits of current-day mapping capabilities. To better understand the nature of sediment dynamics in
the study area, we hoped that we could also resolve ripple-scale
features and their distribution over the region. In the same context, we also hoped that we could provide independent verification of the burial estimates made by the instrumented mines by
mapping the mines and their extent of burial (or unburial) at the
times of our surveys.
Both of these objectives (mapping ripples and mine burial) required the collection of sonar data with subdecimeter resolution
(both vertical and horizontal) and positioning at the decimeter
level. While these levels of resolution are theoretically possible,
to achieve them required careful data collection and processing
so as to reduce instrumental and integration artifacts that could
easily mask the scales of features we were trying to map.
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II. METHODS
A. Sonar
To meet the stringent resolution requirements demanded by
the survey objectives, an extremely high-resolution multibeam
sonar was required. All sonars have fundamental constraints
and tradeoffs with respect to frequency of operation, resolution
(lateral and vertical), and range of transmission. Increased temporal (vertical) resolution is typically achieved by increasing the
frequency of operation (usually providing broader bandwidth),
but at the price of greater attenuation and thus shorter propagation ranges. Lateral resolution is determined by the beamwidth,
which will be a function of the operating frequency of the sonar
as well as the length of the transducer array (the longer the transducer the narrower the beam). Thus, the key to achieving high
lateral resolution at a given frequency is increased array length.
Increased array length also increases the range at which the contributions of the different emitting points on the transducer face
are out of phase with each other (the near-field). Interference of
the emitted waves in the near-field makes it difficult to work in
this region and, thus, most sonars limit their working range to
beyond the near-field where the wavefront approaches a plane
and interactions are linear (the far-field). The requirement to
work in the far-field limits the lateral resolution achievable by a
multibeam sonar.
New signal processing capabilities, however, have recently
enabled manufacturers to dynamically focus beams in the
near-field. This dynamic focusing compensates for the curvature of wavefront in the near-field and allows the sonar to
achieve the beamwidth predicted by the array length. Thus,
for the Martha’s Vineyard mine burial mapping program,
we selected the dynamically focused Reson 8125 multibeam
sonar. The Reson 8125 operates at 455 kHz, forming 240, 0.5
(across-track) beams over a swath of 120 . The along-track
beamwidth is 1 . The manufacturer’s claim for vertical resolution for this sonar is 6 mm (determined by the pulse-length);
field results indicate achievable vertical resolution on the
order of approximately 1 cm. The dynamic focusing allows
maintenance of the 0.5 (across-track) beamwidth even at short
range which is essential because of the high attenuation at
455 kHz. With a 0.5 beamwidth, the across-track lateral resolution of the sonar (near-nadir) is approximately 10 cm in the
12-m water depth of the MVCO site.
B. Positional Control
In the absence of vessel motion, refraction, or other degrading
factors, it may be possible to achieve the resolution cited previously for a single swath of multibeam sonar data. However,
when multiple overlapping swaths of data are collected (necessary to provide 100% coverage of the seafloor) positional uncertainty will limit the horizontal resolution achievable.
Because the objectives of the survey were to obtain the
highest resolution possible as well as to establish a baseline for
repeat surveys, great care was taken to minimize positioning
uncertainty. Positioning for the survey was undertaken using
both inertially aided real-time differential global positioning
system (DGPS) and postprocessed kinematic GPS. Real-time
positioning and vessel motion were tracked using a POS-MV
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v.3 (Applanix Corp., Richmond Hill, ON, Canada) inertial motion sensor with two Novatel OEM-3 GPS (Novatel, Calgary,
AB, Canada) receiver cards. Kinematic positioning information
was collected by two Ashtech Z-12 receivers and one Trimble
MS750 receiver on the survey vessel, as well as two Ashtech
Z-12 receivers and one Trimble MS750 receiver located at control points on Martha’s Vineyard. All kinematic GPS data were
logged with GRIM and processed with DYNAPOS software
from the XYZs of GPS, Inc., Dickerson, MD. Shore station
data were converted to RINEX format and uploaded to the
National Oceanic and Atmospheric Administration (NOAA,
Washington, DC), online positioning user system (OPUS1) to
establish the precise position of the base stations. The positional
uncertainty associated with the kinematically postprocessed
data was on the order of 10–20 cm.
In addition to the DGPS and kinematic GPS, positional control for repeat surveys also was achieved through the emplacement by divers of 5 “fiducial” markers. These markers were
20-cm octahedral-shaped retroreflectors mounted on 2-m-long
pipes and jetted into the seafloor by divers. The retroreflectors
stood about 1 m above the seafloor and were designed to be
clearly identifiable sonar targets that could be used to register
repeat surveys. Comparisons of the fiducials between surveys
indicated a positional uncertainty that was on the order of less
than 1 m. Comparisons of absolute depth measurements made
between surveys were limited by the determination of tide resulting in a between-survey vertical accuracy of approximately
5 cm.
C. Surveys
Four multibeam sonar surveys were conducted at the MVCO
mine burial site between July 2002 and April 2004. The first
survey (July 13–18, 2002) was conducted using the SAIC, San
Diego, CA, vessel Ocean Explorer, a 60-ft vessel outfitted with
a hull-mounted Reson 8125, an Applanix POS-MV attitude
sensor and positioning system, and a Brooke Ocean Technology,
Dartmouth, NS, Canada, moving vessel profiler (MVP)-30.
Before the survey, the sonar system was carefully surveyed in
to ensure precise alignment and then calibrated using standard
“patch test” procedures [7]. As discussed earlier, this initial
survey took place before the initiation of the ONR mine burial
experiment and was designed to provide a regional context
for the selection of deployment sites for the mines and the
instruments. To provide the regional context, an approximately
3
5-km area surrounding the MVCO node was surveyed,
but at differing levels of resolution. In a small 100 400-m
region directly surrounding the MVCO node, we conducted a
super high-resolution (4-m line spacing) survey. Over the 1
1-km area beyond the super high-resolution survey box, we
conducted a slightly lower resolution survey (12–25-m spacing,
depending on water depth) and, finally, a lower resolution
survey (25–40-m line spacing, depending on water depth) in
a 3 5-km region surrounding the 1 1-km box (Fig. 1).
Water depths in the large survey area ranged from 6.9 to
18.5 m. The nominal survey speed was 5 kn with the sonar ping
rate set to at least 11 Hz. The high-repetition rate combined with
1http://www.ngs.noaa.gov/OPUS/
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relatively slow survey speed assured that there would be significant overlap of pings in the along-track direction; the 120
swath width (resulting in coverage of 3.5 times water depth) assured that there was significant overlap in the across-track direction. Sound-speed profiles were collected once per hour using
the MVP-30; a Seabird conductivity–temperature–depth (CTD)
probe was used at the beginning and end of each day to check the
calibration of the MVP-30. Tide control for this survey had to be
established from the NOAA tide station at Newport, RI (station
number 8452660) with zoning from the NOAA Center for Operational Oceanographic Products and Services (CO-OPS) as the
tide instrument at the MVCO site had been removed for maintenance during our survey.
After the deployment of the instrumented mines and minelike devices (September 29 and October 1, 2003) [3], [6], three
subsequent multibeam sonar surveys were conducted using the
SAIC-contracted Loughrea Surveyor (October 2003, December
2003, and April 2004). The Loughrea Surveyor is a 10-m-long
rigid hull inflatable boat (RHIB) designed specifically for surveying. As with the Ocean Explorer, a Reson 8125 multibeam
sonar was hull-mounted on the Loughrea Surveyor, surveyed
in, and calibrated with standard patch-test procedures [7]. The
Loughrea Surveyor was also outfitted with multiple GPS antennas (for kinematic GPS positioning) but did not carry an
MVP-30. Sound-speed data was provided by a Seabird CTD
deployed at least once every 3 h or more often if the data indicated a sound-speed problem. The three post-mine-deployment surveys focused on a 0.8 1.5-km box centered around
the MVCO node with water depths ranging from 9 to 13 m.
This area included all mine-deployment locations and covered
seafloor of various types (see Section III-A). Line spacing for
each of these surveys was 10 m. Given that the Reson 8125
multibeam sonar has an opening angle of 120 (a swath width
of approximately 3.5 times the water depth) there was significant overlap in the across-track direction providing the ability to
give the higher quality, near-nadir beams, higher weight during
the gridding process. As with the Ocean Explorer, surveys with
the Loughrea Surveyor were conducted at 5 kn using ping rates
of at least 11 Hz which assured significant ping-to-ping overlap
in the along-track direction.
Meteorological conditions (including wind speed and direction) in the survey area were monitored continuously throughout
the deployment of the instrumented mines and each of the postmine-deployment multibeam sonar surveys by an instrumented
tower located on the beach and operated by the MVCO. Significant waveheights were calculated from pressure spectra measured by a Nortek vector acoustic Doppler velocimeter (ADV;
Nortek, Rud, Norway) located on the MVCO node [6]. Tide and
current information for the three post-mine-deployment surveys
were from direct measurement at the MVCO node and downloaded from the WHOI MVCO website.2
D. Data Processing
Multibeam sonar data were acquired onboard the survey vessels using SAIC’s ISS-2000 data acquisition system. Despite
the tremendous data rates (more than 1 GB of data per 1 h),
2http://www.whoi.edu/mvco/data/oceandata.html

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 32, NO. 1, JANUARY 2007

preliminary quality control and cleaning were performed onboard. Data were recorded in generic sensor format (GSF) and
postprocessed using CARIS HIPS (CARIS, Fredericton, NB,
Canada) and Interactive Visualization Systems (IVS, Fredericton, NB, Canada) Fledermaus software packages. Postprocessing included editing and cleaning and resolving position,
tide, sound speed, and vessel attitude problems. Once cleaned,
the data were gridded using a weighted mean gridding filter.
The very high lateral resolution of the multibeam sonar justified gridding with a pixel resolution of 10–15 cm, however, this
level of resolution was only used to examine relatively small
areas of the seafloor because the production of a 10-cm grid for
the entire survey area would generate file sizes in the excess of
25 GB. Gridded data sets were rendered into 3-D images and
interactively explored using the IVS Fledermaus software. The
grid resolution used for each of the images displayed is reported
in Figs. 2, 3, 6, and 7. All depths reported are referenced to mean
low lower water (MLLW).
For the October 2003 survey, positioning data were postprocessed by Applanix for kinematic corrections. This processing
involved producing a navigation solution in single frequency carrier phase mode without fixing integer ambiguities. Estimated
uncertainty for this navigation is on the order of 10–20 cm.
III. RESULTS AND DISCUSSION
The objectives of the mapping program involved two scales
of mapping. At the local–regional scale, the objectives were to
provide basemaps that could be used to determine the optimal
locations for the deployment of seafloor instruments and mines
and, then, to provide snapshots of changes in morphology over
the course of the experiment. At the finest resolution scale, the
objectives were to determine if ripple-scale features could be
mapped and if the degree of burial of mine-like objects could
be determined. A detailed description of the morphology of the
MVCO survey area, speculations on the origin and evolution
of this morphology based on the integration of numerous sensors (multibeam sonar, sidescan, sonar, subbottom profiling),
and direct sampling are presented in [5]. Here, we briefly discuss changes in the bathymetry between July 2002 and April
2004 but focus most of our analysis on the high-resolution aspects of the mapping.
A. Regional Setting and Changes in Overall Morphology
The seafloor near the MVCO is dominated by a series of
shore-perpendicular features of alternating coarse (median diameter typically > 400 m) and fine (median diameter typically
< 225 m) sand that are tens to hundreds of meters wide and
extend up to several kilometers offshore perpendicular to the
shoreline (Fig. 2). They have been referred to as either “ripplescour depressions” [8] or “sorted bedforms” [5], [9] and have
complex, geometric, bathymetric, and grain-size relationships.
In general, the features are asymmetric with the coarsest grain
size and deepest bathymetry on the western side of the coarsegrained zones and the transition from coarse to fine-grained
sediment typically marked by a bathymetric step of 30–50 cm
(Figs. 2 and 3). High-resolution subbottom profiling and coring
[5] indicate that in between the coarse-grained zones, the finegrained sediment is a 15–50-cm-thick layer that overlies the
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Fig. 2. Overview of bathymetry of 0.8 1.5-km area around the MVCO node from Reson 8125 multibeam sonar showing shore-perpendicular “rippled scour
depressions” or “sorted bedforms” at four points in time from July 2002 to April 2004. Bathymetry is gridded at 50-cm intervals. Depth range in this area is from 8.5
(red) to 13.5 m (dark green). Star marks location of MVCO node in 12 m of water. “C” indicates coarse-grained zone; “F” denotes fine-grained zone. The color map
and resolution are the same in all images thus differences in depths and apparent sharpness of features are real. Ellipses show area of “horn-shaped” bathymetric
feature discussed in text. The roughness of the boundary is greatest in October with marked smoothing observed in the subsequent December survey. This may be
additional evidence for rapid response of the system (i.e., days) because the October survey was conducted one day after a large storm and the December survey
was conducted four days after a large storm event.

Fig. 3. Detailed bathymetry (15-cm grid) near MVCO node during July 2002 survey. Node and fiducial are located in fine-grained sediment zone. Note chaotic
medium scale bedforms developed particularly well north of the MVCO node site and the bathymetric step (about 40 cm down) into the coarse-grained zone
characterized by small, orbital-scale ripples. The profile in the lower image corresponds to the white line in the upper image. The east–west asymmetry of the scour
pit around the node (deeper on the eastern side) is opposite in sense to that of the RSDs (which are deeper on the western side).
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coarse sand and is not present in the coarse-grained zones. The
boundaries between the coarse-grained and fine-grained zones
are easily discernable as contrasts in sonar backscatter with high
backscatter often corresponding to the larger scale ripples associated with the coarsest grained sediments [5].
The MVCO instrumented node was located in the middle of
an approximately 140-m-wide fine-grained sediment zone between two coarse-grained zones of equivalent width (Figs. 2 and
3). As observed by towed sidescan sonar, rotary sidescan, and
the multibeam sonar, the coarse-grained zones are characterized
by small (5–25-cm amplitude, 50–125-cm wavelength) orbitalscale bedforms (i.e., ripples that have wavelengths that scale directly with the wave orbital diameter) while the fine-grained
zones often show very small scale (2–5-cm amplitude, 15-cm
wavelength) anorbital ripples (ripples whose wavelengths depend only on grain size) [10], [6]. During the July survey, the
fine-grained zones also showed medium scale (8–15-cm amplitude, 3–10-m wavelength) bedforms with a chaotic, hummocky
arrangement (Fig. 3). While much more chaotic in appearance
than the smaller scale ripples, these medium scale bedforms are
generally asymmetric (steeper side facing east) and aligned with
their crests perpendicular to the shore and, thus, may be related
to shore-parallel currents; they were not seen during any of the
other surveys.
With the exception of the transient nature of the medium
scale bedforms in the fine-grained zones, the general characteristics of the regional morphology described previously remained relatively constant over the period from July 2002 to
April 2004. In the 1.5 0.8-km area displayed in Fig. 2, seven
coarse-grained zones are separated by fine-grained regions. This
basic structure remains relatively constant at the snapshots in
time recorded by the multibeam sonar from July 2002 to April
2004 with changes only in the details of the boundaries between
the coarse and fine zones and small changes in their width. There
are much smoother boundaries in July and April than in October
or December and the October boundary, immediately following
a storm, is rougher than the December boundary several days
after a storm. While there can be little doubt that the changes
that take place are complex and may vary in detail over the study
area [5], a general idea of the nature of the temporal change in
these boundaries may be gained from tracing the movement of
a clearly defined morphological feature.
To explore the nature of the movement of the coarse-grained/
fine-grained zone boundary we focus on a readily identifiable feature—a “horn shaped” westward extension of the
fine-grained zone into the coarse-grained zone located approximately 200 m northwest of the MVCO node (Figs. 2 and 4).
In July 2002, the boundary between the coarse and fine-grained
zones near the “horn” is rather smooth but, in October 2003,
the boundary is complexly scalloped and has shifted approximately 20 m to the northeast (bearing 020 ; Figs. 4 and 5).
Fig. 4 also reveals that, in the October snapshot, small windows
of coarse-grain sediment appear within the fine-grained zone
and the width of the zone decreases. These areas of localized
removal of the fine-grained sediment will be discussed in more
detail in Section III-B. Between the October and the December
snapshots the boundary has moved approximately 30 m to the
northwest (bearing 345 ; Figs. 4 and 5) and the boundary has
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become much smoother, though still more complex than in
July. By April 2004, the boundary has shifted approximately
15 m to the northeast (bearing 020 ; Figs. 4 and 5) and is even
smoother than it was in July.
The relative movement of the boundary coincides with
the predominant wave direction during the same interval.
The change between July and October reflects the dominant
fair-weather wave direction [from the southwest (SW)] [3],
[4], [6], the change between October and December reflects
the dominant storm wave direction [from the south (S) to
south–southeast (S–SE)] [3], [4], [6] and the change between
December and April again matches the fair-weather wave direction (from the SW). The eastern boundary of the coarse-grain
to fine-grain transition appears to remain fairly constant in
position with the exception of the October snapshot. Given
the general north–south (N–S) orientation of the boundaries,
changes in the position of boundaries in response to onshore
wave conditions are difficult to discern and, thus, we have focused on an east–west (E–W)-oriented section of the boundary.
It is clear however, that during the October survey, the eastern
boundary shifted about 20 m to the west, became significantly
more complex (less smooth), and the zone became narrower
than any time before. We attribute this to the removal of
fine-grained sediment in response to storm wave conditions,
the same conditions that are responsible for the erosional
“windows” revealing coarse-grain sediment in many areas of
fine-grained sediment.
While we discuss changes in the position of the fine-grained/
coarse-grained boundary between discrete snapshots in time,
this does not imply that there has been a continuous shift in
the position of the boundary over the time interval between
these snapshots. Indeed, we will present evidence below that
the change of orientation of smaller scale features (ripples and
erosional patches) is very rapid (hours to days). If this were the
case for the zonal boundaries, then the October survey (which
was only one day after a severe storm—see Fig. 8) should show
a shift to the north–northwest (N–NW). Instead, it shows a shift
more representative of the fair-weather waves that dominate
the pre-October period. Thus, while the general position of the
coarse- and fine-grained zones remains relatively constant over
long periods of time (at least 1.5 years in our case) the boundaries between the zones appear to respond over periods of days
to months to the predominant wave direction and energy with
smoothing and small shifts to the northeast during fair-weather
wave conditions and greater complexity and roughness, erosion,
and shifts to the N–NW during storm conditions.
B. Ripple-Scale Resolution
The dynamically focused Reson 8125 multibeam sonar combined with advanced processing and visualization techniques
proved to be an excellent tool for mapping ripples. When single,
gridded lines are displayed (eliminating any positional uncertainty between lines), ripples with amplitudes as small as 2 cm
were easily discerned (Fig. 6). These small orbital-scale [4] ripples were restricted to the coarse-grained zones. During the July
2003, December 2003, and April 2004 surveys, the orbital-scale
ripples heights were typically 8–12 cm with wavelengths of approximately 65–75 cm while, during the October survey, the
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Fig. 4 Position of “horn”—westward protrusion of fine-grained sediment zone into coarse-grained zone and the eastern boundary of the fine-grained coarsegrained boundary at four points in time between July 2002 and April 2004. Resolution of each image is identical, therefore, changes in apparent roughness (or
sharpness) of image are real. Scalloping superimposed on images are small scale (1–2 cm) heave artifacts.

ripples showed amplitudes of 15–20 cm and wavelengths of approximately 1 m (Figs. 6 and 7). The height-to-wavelength ratio
of these ripples is consistent with both theoretical and empirical
predictions for orbital-scale ripples [10].
Most significantly, the orientation of the ripples changes from
approximately east–southeast (E–SE, 110 )–west–northwest
(W–NW, 290 ) during July, December, and April to approximately east–northeast (E–NE, 80 )–west–southwest (W–SW,
260 ) during October (Figs. 6 and 7). As mentioned earlier, the
fine-grained zones showed medium scale (3–10-m wavelength,
8–15-cm amplitude), chaotic hummocky bedforms only during
the July survey, though very high-resolution rotary fan beam

(2.5 and 1.3 MHz) and pencil-beam (975 kHz) sonars revealed
very small scale (15-cm wavelength) anorbital ripples in the
fine-grain sands [3], [4]. The multibeam sonar cannot resolve
these very small anorbital ripples because their lateral extent
is much lower than that of the orbital-scale ripples or medium
scale bedforms; the lateral resolution of the multibeam sonar is
at best 10 cm at nadir degrading towards the outer beams.
The change in orientation of the ripples is once again directly related to the differences in the prevailing wave direction.
During the July, December, and April surveys, the ripple crests
are oriented orthogonal to the prevailing fair-weather wave direction and during the October survey the ripple crests are ori-
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Fig. 5. Changes in position of “the horn” at the western boundary between fine-grained and coarse-grained zones between the four surveys conducted between July
2002 and April 2004. Pink arrows represent change vector. The E–W-oriented “horn” appears to change with the prevailing wave direction while the N–S-oriented
sectors of both boundaries vary in a less systematic manner though there is a general trend of the fine-grained zone becoming narrower during the stormier periods.

ented orthogonal to the prevailing storm wave direction. These
observations are consistent with the direct observation of environmental conditions from sensors at the MVCO node which
show that oceanographic forcing is dominated by waves from
southerly directions with waveheights typically largest from October to March [3], [4]. The largest storms observed during the
experiment had significant waveheights of 3–4 m (at the node
site in 12 m of water) with near-bed orbital velocities of having
peak values of 150–180 cm/s and root-mean-square (rms) velocities of 50–70 cm/s [3], [4]. Associated with the change in
orientation of the ripples in October is a marked change in the
position of the bathymetric step associated with the transition
between the fine-grained and coarse-grained sediment (about 20
m to the west). The location of this boundary returned to near its
original position for the December and April surveys although
a vestige of the old boundary can still be seen in the bathymetry
(Fig. 7).
The alignment of the small scale bedforms with the prevailing
wave conditions appears to occur rapidly (on the order of hours
or days) when the wave conditions exceed the threshold of sediment motion (most of the time) [3] and particularly during moderate storm conditions. Direct evidence for this is provided from

the results of rotary sidescan sonar observations [3], [4], and indirect evidence is provided from our multibeam sonar observations. The response of small scale bedforms and larger features
to the prevailing wave conditions is clearly indicated in the erosional “window” seen behind the MVCO instrumented tower
(Figs. 7 and 8). The “window” represents a small area where
the surficial sediments of the fine-grained zone were removed
in the wake of the tower, exposing the coarse-grained sediments
below. The implication is that turbulence shed by the tower has
created a small zone in which the threshold for motion for the
fine-grained sediment is exceeded. The exposed coarse-grained
sediments have been molded into orbital-scale ripples with the
same orientation as those in the coarse-grained zone to either
side of the tower [ripple scour depressions (RSDs)].
In the October survey (the first time these “windows” appear), the window is oriented parallel to, and the bedforms transverse to, the prevailing storm wave direction (from the S–SSE;
Figs. 7 and 8). Measurements made at the MVCO node [3],
[4], [6], indicate that there was a storm with peak orbital velocities of 80–90 cm/s one day before the survey (Fig. 8). The
December survey also shows a less well-defined coarse-grain
window shoreward of the tower, however, in this case, the ori-
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Fig. 6. Details of multibeam sonar data from coarse-grain ripple field in (a) October 2003 and (b) December 2003. Data gridded at 10 cm and displayed as average
height in gridded bin. Profile below each sonar image is region under white line. Scale lines in October profile are 5 cm apart; scale lines in December profile
are 1 cm apart. Average ripple height in gridded October profile is 10–15 cm with an average wavelength of approximately 1 m; average ripple height in gridded
December profile is 3 cm with and average wavelength of approximately 65–70 cm. The process of gridding results in an average bin depth that is less than the
actual depth of many of the ripple crests. When the individual soundings are examined before averaging, the typical ripple heights during December were 8–12
cm and the typical ripple heights during October were 15–20 cm. The height-to-wavelength ratio of these ripples is consistent with both theoretical and empirical
predictions for orbital-scale ripples [10].

entation of the window is coincident with the predominant fairwave conditions (from the SW); orbital ripples are present but
much smaller and less clearly defined (Fig. 8). The December
survey also shows a “vestigial” window north of the tower oriented nearly N–S. Unlike the October survey which took place
one day after a significant storm event, the December survey
was conducted on December 4 (Julian day 338), four days after
a storm event that had peak orbital velocities of 95 cm/s (Julian day 334; Fig. 8). It is possible that the “vestigial” window

is indicative of a window that formed in response to an earlier
storm. As orbital velocities decreased and the wave direction
turned to and remained S–SW for some time, a new window
formed oriented parallel to the new incoming wave direction. As
wave velocities continued to decrease (they were on the order
of 10 cm/s by the time of the December survey), fine-grained
sediment once again began to accumulate north of the tower
and both “windows” began to fill. In April, when peak orbital
velocities were on the order of 20 cm/s and never exceeded

142

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 32, NO. 1, JANUARY 2007

Fig. 7. Ultrahigh-resolution (10-cm grid) swaths across the fine-grained to coarse-grained zone transition. The MVCO node is the elevated object on the western
(fine-grained zone) side of line. The change in orientation and amplitude of the ripples in the coarse-grained sediment is apparent in the October survey. The October
survey also shows a shift in the eastern boundary of the fine-grained sediment zone of approximately 20 m toward the west. The December and April surveys show
vestiges of the old boundary but the bathymetric step associated with the transition has clearly returned to near its July 2002 location. Two instrumented mines
(AIM-3 and AIM-4) [6] are visible approximately 10 and 20 m to the southeast of the node. These mines were deployed a few days before the October 2003 survey
(i.e., they were not present during the July 2002 survey) and were completely buried during the April 2004 survey.

40 cm/s, there is no evidence of the formation of erosional windows. If this interpretation is correct, it indicates the rapid (on
the order of hours to days) response of both the “windows” and
the orbital-scale ripples to changes in the predominant wave
conditions.
C. Direct Mapping and Identification of Mines
As described in Traykovski et al. [4], [6], during the mine
burial experiment, ten instrumented and six passive, noninstrumented, mines were deployed in both the fine- and
coarse-grained sand zones surrounding the MVCO tower. Six
of the instrumented mines were the Forschungsanstalt der
Bundeswehr für Wasserschall und Geophysik (FWG, Kiel,
Germany) optical mines designed to measure heading, pitch,
roll, and the percent of surface area buried [3]. The four other
instrumented mines were NRL/Omni Technology-built (Stennis
Space Center, MS) acoustically instrumented mines (AIMs)
designed to measure the geometry of the scour pit along with
heading, pitch, roll, and changes in mine elevation relative to a
pressure sensor on the MVCO tower [11]. The noninstrumented
passive mines were of various common mine shapes. The mines
were deployed between September 29 and October 1, 2003 and
the first postdeployment multibeam survey was conducted five
days later on October 6. The survey could not be conducted

immediately after the deployment because of storm conditions
in the area between October 2–5 (Fig. 8).
Our ability to map, identify, and quantify the extent of burial
of the mines deployed in the MVCO area exceeded our expectations. As described earlier, there was a storm immediately after
the deployment of the mines in late September/early October
(Fig. 8). In the fine-grained sands, this storm resulted in the development of scour pits around the mines and the reorientation
of the mines within a day of their deployment [6]. The location,
orientation, extent of burial, and type of each mine deployed in
the fine-sand area is easily discernable in the multibeam sonar
data (Figs. 9 and 10). Fig. 9 shows a broad-perspective plan
view of a 3-D visualization of six mines (three FWG optical
mines and three noninstrumented mine shapes) deployed in the
fine-grained sand to the west of the MVCO tower. Even from
this perspective, the presence of each of the mines is clearly
evident. Several N–S-oriented erosional “windows” revealing
coarse-grained sand with orbital-scale ripples can also be seen.
These windows are similar to the one north of the MVCO tower
indicating that small regions of local erosion can occur without
the presence of a flow obstruction such as the MVCO tower. The
erosional “bursts” that cause these windows may be indicative
of the processes responsible for the initiation and maintenance
of the RSDs. Just as the MVCO tower acts as a potential initiator
of RSDs so can other man-made objects such as wrecks [12] or
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Fig. 8. Evolution of erosional “windows” in the wake of the MVCO tower and their relationship to wave conditions. The October survey on October 6, 2003
(Julian day 279) took place one day after a storm with peak orbital velocities of 80–90 cm/s. A well-formed window can be seen oriented parallel to the prevailing
storm-wave conditions with orbital-scale ripples oriented transverse to the wave direction. The December 2003 survey was conducted four days after a storm with
peak orbital velocities of 95 cm/s. At the time of the survey, there was a poorly defined window oriented parallel to the dominant fair-weather wave direction (from
SW) with small transverse orbital-scale ripples. An N-S-oriented “vestigial” window can also be seen in the December 2003 survey, probably a response to an
earlier storm. No indication of erosion is seen in the April survey.

natural objects like rocks [13]. Similarly, the presence of mines
can have the same effect.
A closer examination of the multibeam sonar data at each
mine site reveals the remarkable detail that can be extracted
(Fig. 10). For example, data from the area of the optical mine
[Fig. 10(a)] shows the partially buried mine of proper dimensions (1.5 m long with 0.53-m diameter) in a scour pit. Even the
taper on one side and the three rings of the optical sensors are
evident. The partially buried MK82 tapered bomb [Fig. 10(b)]
also shows its proper length (1.55 m) and the taper to one side;
the diameter of the mine determined by the multibeam sonar
(40 cm) is slightly larger than its actual diameter (27 cm) most
likely due to the influence of neighboring cells on a small target
during the gridding process. The Manta mine shape [Fig. 10(c)]
shows very little evidence of scour around it; the multibeam
sonar data clearly reveals the characteristic truncated cone shape
of the Manta (even the lip at the base of the cone is visible) with
the proper dimensions for the mine (1.06 m, including the base).
The height measurement from the multibeam data is in close
agreement with the 43-cm height reported for the Manta indicating little if any burial. The Rockan mine shape [Fig. 10(d)]
shows a small amount of scour around it; the sonar data reveals the complex shape of the Rockan with dimensions that are

close to the actual dimensions of the Rockan (1.02 m long with
0.81 m). The maximum sonar measured height of the Rockan
shape is approximately 25 cm, slightly less than the 38 cm reported for the Rockan, indicating that either the sonar missed
the shoalest point on the mine or the mine is somewhat buried.
In contrast to the ease of detection and identification of the
mines in the fine-grained sands, the mines deployed in the
coarse-grained sands were very difficult to detect during the
October survey as their profiles were very similar to that of the
orbital-scale ripples (Fig. 11). This observation is in complete
agreement with the rotary sonar and modeling results of others
that have shown that in the coarse-grained sands where large
wave orbital-scale ripples are present, the mines bury by scour
until they present roughly the same hydrodynamic roughness
as the orbital-scale bedforms (10–15 cm) [6], [14].
D. Direct Measurement of Mine Burial
The detail and coverage provided by the multibeam sonar
along with the ability to render and visualize the sonar results
in 3-D offer several approaches to measuring the degree of
burial of the mines at the snapshots in time represented by the
multibeam surveys. Trembanis et al. [14] have discussed various
metrics associated with mine burial including the burial depth
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Fig. 9. Plan view of the 3-D rendering of six deployed mines in fine-grained sand area to the west of the MVCO tower. Note the erosional “windows” revealing
coarse-grained sand with orbital-scale ripples.

Fig. 10. Closeup 3-D views of multibeam sonar bathymetry over the (a) FWG optical mine, (b) tapered bomb, (c) inert Manta mine, and (d) inert Swedish Rockan
mine.
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Fig. 11. Two NRL AIM mines in coarse-grained sediment zone.

Fig. 12. Estimating mine burial by measuring cross section on a 3-D surface. In the example from the October 2003 survey over AIM-4, in the finer grained
sediment zone, the depth of the ambient seafloor is measured at 11.75 m and the depth of the top of the mine is measured to be 11.84 m (i.e., the mine is .09 m
below the ambient seafloor). Given a mine diameter of 0.53 m, this results in a maximum scour depth of 0.62 m and a burial by depth (as defined by Trembanis et
al. [14]) of 116.98%. In the example below, from the December survey over AIM-4, the depth of the ambient seafloor is 11.93 m and the depth of the top of the
mine is 11.98 m (i.e., the mine is now 0.05 m below the ambient seafloor). Given a mine diameter of 0.53 m, the scour depth is 0.58 m and the burial by depth is
109%. Red areas show approximate shape and dimension of AIM mine.

below the ambient seafloor and the surface area buried (as percentages) [14]. Given the relatively large, 3-D, spatial coverage
of the multibeam sonar, the depth of the “ambient seafloor” can
be determined quantitatively through either a statistical examination of the seafloor surrounding the mine or through the construction of a profile (or several profiles) across the seafloor
surrounding the mine site. Similarly, the depth of the scour pit

and/or the top of the mine can be measured directly through profiling across the scour pit or the mine (Fig. 12). In those situations where we know the dimensions of the mine we are mapping, a detailed multibeam sonar survey can provide a direct
estimate of both the depth of burial below the ambient seafloor
and the burial by surface area (to the limits of accuracy of the
sonar system).
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Using one of the AIM mines (AIM-4) deployed in the finer
grained sand zone, as an example, the October multibeam sonar
survey (one day after a storm event; Fig. 8) reveals the mine
scoured deeply into a pit with the top of the mine 9 cm below the
ambient seafloor depth (defined as 116% burial by depth using
the definition of Trembanis [14]). As noted by Traykovski et al.
[6], the mine has oriented itself in the scour pit with its long
axis nearly perpendicular to the predominant incoming wave
direction. The state of mine burial captured by the multibeam
sonar in October is consistent with that revealed by the two-axes
pencil-beam sonar [6] although the pencil-beam sonar produces
a height estimate for the mine that is closer to 20 cm above the
ambient seafloor level rather than the 9 cm below the ambient
seafloor determined by the multibeam sonar. This discrepancy is
because the sonar beam pattern has not been removed from the
pencil-beam sonar record [6]. The burial by depth estimate for
AIM-4 derived from the multibeam sonar is also in reasonable
agreement with burial estimate made from the acoustic sensors
on the mine but is significantly larger than the burial estimate
predicted by a wave-induced scour model [14].
In comparison, the December survey of AIM-4 shows a less
well-defined scour pit with some indication of infilling around
the mine (Fig. 12). The top of the mine is now 5 cm below the
ambient seafloor resulting in a burial of 109% by depth [14]. The
December survey took place four days after a major storm event
(Fig. 8) and the results of the multibeam sonar survey are consistent with the relatively rapid recovery and infilling processes
observed by the rotary sonar [6]. As discussed in [6], the infilling
process is a result of both an available pool of mobile sediment
and the changes in the hydrodynamics (orbital wave velocities
and tidally generated currents). The estimates of burial from the
December multibeam sonar survey are also in good agreement
with the measurements made by the AIM mines and with the
wave-induced scour model [14]. In contrast to October and December, the April survey, which followed a long period of moderate wave conditions (Fig. 8), showed the mines to be completely buried (i.e., there was no indication of the mines in the
multibeam sonar bathymetry). This result is also consistent with
those from the rotary sonars and the sensors associated with the
mines, the wave-induced scour model, and diver observations
(there were no indications of the mines on the seafloor).
The 3-D nature of the multibeam sonar data also allows the
direct determination of the volume of the scour pit around a
mine. This is demonstrated in Fig. 13, where a plane is fit to
the ambient seafloor surface and, then, a difference surface is
calculated between the plane and the region of the scour and
mine. Using this technique, direct estimates of the volume of the
scour pit can be produced. Finally, the 3-D nature of the multibeam sonar data allows for the direct visualization of the state of
mine burial at the snapshot in time during which the survey takes
place. In Fig. 14, a 3-D rendering of a mine is superimposed in
the multibeam sonar data revealing an intuitive-looking depiction of the state of burial of the mine at the time of the survey.
In this case, the view is from below the seafloor but with interactive 3-D exploration tools; the position of the mine relative to
the seafloor can be viewed from any perspective. If a multibeam
sonar were used to collected closely spaced, repeat surveys over
the seafloor during a burial event (perhaps with an AUV), this
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technique could be used to produce a realistic “movie” of the
actual burial process, though the conditions associated with a
burial event may make this approach challenging.
IV. SUMMARY AND CONCLUSION
High-resolution multibeam sonar in combination with stateof-the-art data processing and visualization techniques have
been used to set the regional context and quantify the evolution
of seafloor morphology and the extent-of-burial of instrumented mines and mine-shapes as part of the ONR mine burial
experiment off Martha’s Vineyard, MA. The area selected for
the experiment was the site of the MVCO, where an instrumented tower deployed in 12 m of water provided real-time
in situ environmental data as well as the ability to hard-wire
mines and other instruments to shore-based facilities. Four
surveys were conducted at the mine burial experiment site with
a 455-kHz, Reson 8125 dynamically focused multibeam sonar
over the course of two years. The initial survey (July 2002) was
designed to provide a regional context for the experiment and
to aid investigators in the selection of the appropriate sites for
mine deployment. This survey was conducted at three scales
5-km
of resolution with 25–40-m line spacing over a 3
area around the MVCO node, 12-m line spacing over an area
of approximately 1
1-km around the MVCO site, and
finally, 4-m line spacing in a 100 400-m box immediately
surrounding the MVCO node. All subsequent surveys (October
2003, December 2003, and April 2004) focused on an approximately 0.8 1.5-km box around the MVCO node and were
conducted at 10-m line spacing.
The multibeam sonar survey was ideal for regional reconnaissance as it provided a detailed picture of the distribution
of changes in depth, sediment type (through its indication of
surficial morphology), and bedforms in the area. The region
is characterized by shore-perpendicular, alternating zones of
coarse-grained sand with 5–25-cm high, shore-parallel, wave
orbital-scale ripples (these large, shore-parallel features have
been called RSDs [8] or “sorted bedforms” [5]), and zones
of finer grained sands with smaller (2–5-cm high) anorbital
ripples (not resolved by the multibeam sonar) and, on occasion, medium scale 10–20-cm chaotic, hummocky bedforms.
Geophysical evidence and cores suggest that the finer grained
sands are overlying coarser grained sands [5]. Based on these
and other regional mapping results, ten instrumented and six
passive, noninstrumented mines were deployed in both the fineand coarse-grained sand zones surrounding the MVCO tower.
The repeat multibeam sonar surveys provided a detailed
record of changes in the regional morphology over the time
period of the experiment. With the exception of the transient
nature of the medium scale bedforms in the fine-grained zones,
the general characteristics of the regional morphology described
previously remained relatively constant over the period from
July 2002 to April 2004 (e.g., the basic structure of alternating
shore-perpendicular zones of fine- and coarse-grained sands).
There are, however, changes in the nature of the boundaries
of these zones. The boundaries between the zones appear to
respond over periods of days to months to the predominant
wave direction and energy. Smoothing and small shifts of
the boundaries to the NE take place during fair-weather wave
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Fig. 13. Determination of volume of scoured material by calculating the surface difference between a plane fit to the ambient seafloor depth and the surface defined
by the scour pit and the mine. In this example (from AIM-4 in October 2003), the volume of material removed from the scour pit is 4.6 m .

conditions while erosion (scalloping of the boundary) and shifts
to the N–NW occur during storm conditions.
The multibeam sonar was also able to resolve changes in the
orientation of individual orbital ripples through the course of
the repeat surveys. The change in orientation of the ripples were
related directly to the differences in the prevailing wave direction. During the July, December, and April surveys, the ripple
crests were oriented orthogonal to the prevailing fair-weather
wave direction and during the October survey the ripple crests
were oriented orthogonal to the prevailing storm wave direction.
The alignment of the small scale bedforms with the prevailing
wave conditions appears to occur rapidly (on the order of hours
or days) when the wave conditions exceed the threshold of sediment motion (most of the time for the fine sands) and particu-

larly during moderate storm conditions. During storm events,
erosional “windows” appeared in the fine-grained sands that
were oriented parallel to the prevailing wave direction and revealed orbital-scale ripples that were oriented perpendicular to
the prevailing wave direction. One of these erosional “windows”
formed downstream from the MVCO tower and was probably
the result of turbulent eddies shed by the tower but others were
found in regions where there was no obstruction to the flow indicating that bursts of turbulence may be an initiating factor in
forming of the RSDs.
The multibeam sonar was also able to clearly locate and even
identify individual mines and their state of burial in the finegrained sediment zones. The resolution of the multibeam sonar
combined with 3-D visualization techniques provided realistic
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Fig. 14. The 3-D rendering of mine shape in multibeam data set viewed from below the seafloor.

looking images of both the instrumented mines and mine shapes
(including a Manta and Rockan shape) that were dimensionally correct and enabled unambiguous identification of the mine
type. In two of the surveys (October and December 2004), the
mines in the fine-grained sands scoured into a scour pit but were
still perfectly visible and identifiable. These mines may not have
been visible on standard, towed sidescan sonars as they were in
scour pits below the ambient seafloor level. In the April 2004
survey, the mines were completely buried. In the coarse-grained
sand zone, however, the mines were extremely difficult to detect once there had been scour in the region. This is because, in
the coarse-grained sands where large wave orbital-scale ripples
are present, the mines bury by scour until they present roughly
the same hydrodynamic roughness as the orbital-scale bedforms
(10–15 cm) [6], [14]. The result is striking and somewhat counterintuitive in that it demonstrates that the mines are more difficult to find in coarse, rippled sand zones, than they are in fine
sand zones, even though they are less buried (in terms of depth
below the ambient seabed) in the coarse sand.
The detail and coverage provided by the multibeam sonar
along with the ability to render and visualize the sonar results in
3-D offer several approaches to measure the degree of burial of
the mines at the snapshots in time represented by the multibeam
surveys. Given the relatively large, 3-D, spatial coverage of the
multibeam sonar, the depth of the “ambient seafloor” can be determined quantitatively through a statistical examination of the
seafloor surrounding the mine or through the construction of a
profile (or several profiles) across the seafloor surrounding the
mine site. Similarly, the depth of the scour pit and/or the top of
the mine can be measured directly through profiling across the
scour pit or the mine. With an a priori knowledge of the dimensions of the mine, both the depth of burial below the ambient
seafloor and the burial by surface area covered can be determined. In the absence of a priori knowledge of the dimensions
of the mine, the multibeam sonar can also provide an estimate
(limited in accuracy by the resolution of the multibeam sonar

and the gridding process) of the dimensions of the mine. The
3-D nature of the multibeam sonar data also allows the direct
determination of the volume of material removed from a scour
pit around a mine through the calculation of a difference surface
between the plane and the region of the scour and mine. Finally,
the 3-D nature of the multibeam sonar data allows for the direct
visualization of the state of mine burial at the snapshot in time
during which the survey takes place.
High-resolution multibeam sonar surveys combined with
state-of-the-art 3-D visualization techniques have proven to be
very useful tools for the exploration of regional morphology
and the evolution of the seafloor in response to wave-induced
sediment transport. This combination has also allowed for the
direct detection and identification of a variety of mine types as
well as the quantitative evaluation of their state of burial. With
respect to understanding mine burial, the technique provides
validation of data collected from instrumented mines and offers
one of the only ways to collect remotely quantitative information about the state of burial at the time of the survey. When
combined with other comprehensive field studies and modeling
efforts, the multibeam sonar provides a unique perspective on
the nature of the seafloor surrounding the mine deployment site
and new insights into the mine burial process.
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