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ABSTRACT

Nearshore depths for Waimanalo Beach, HI, are extracted from optical imagery, taken by
the WorldView-2 satellite on 31 March 2011, by means of automated wave kinematics
bathymetry (WKB). Two sets of three sequential images taken at intervals of about 10
seconds are used for the analyses herein. Water depths are calculated using a computer
program that registers the images, estimates the currents, and then uses the linear
dispersion relationship for surface gravity waves to estimate depth. Depths are generated
from close to shore out to about 20 meters depth. Comparisons with SHOALS LIDAR
bathymetry values show WKB depths are accurate to about half a meter, with R’ values
of 90%, and are frequently in the range of 10-20 percent relative error for depths ranging

from 2—16 meters.
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l. INTRODUCTION

A. PURPOSE OF RESEARCH

Characterizing the environmental parameters of the battlespace ahead of a
military operation can enable the planners and decision makers to understand the
potential impacts the environment might have. This can help them conduct safer and
more efficient operations. One parameter that is extremely important for certain
operations conducted in the nearshore is bathymetry. Amphibious landings, mine
warfare operations, reconnaissance missions, and other special operations missions
performed in the nearshore region require accurate and up-to-date bathymetric
information. Without it, the operation could be hampered by difficulties, such as vessel
groundings, causing equipment damage, personnel injuries or death, delays, and perhaps

mission failure.

Several methods and techniques are currently employed to determine nearshore
bathymetry.  Hydrographic surveys, especially those that require International
Hydrographic Organization (IHO) standards, such as for navigation charts, are typically
performed using acoustic systems, such as single and multi-beam sonar, mounted on a
vessel. Relying on relatively high frequency sound to illuminate the bottom, they are
very accurate but time consuming owing to their small swath, sometimes taking many

days to map a region of interest.

The Compact Hydrographic Airborne Rapid Total Survey (CHARTS) system
(Figure 1), an airplane with a Light Detection and Ranging (LIDAR) instrument mounted
on it, is also very accurate and can perform large area surveys in a much shorter time.
Both of these methods, however, require uncontested access to the region of interest.
Often times, military operations are conducted in denied areas, where survey vessels and
aircraft are in danger of being fired upon. In addition, due to the high cost and demand of

these scarce resources, it is impractical to resurvey the same area regularly using these



methods. This leads to significant time intervals between surveys allowing natural
nearshore processes, such as tidal currents and storms, to alter the bathymetry, potentially

rendering older surveys inaccurate.
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Figure 1. Compact Hydrographic Airborne Rapid Total Survey (From Joint
Airborne LIDAR Bathymetry Technical Center of Expertise, 2011).
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If IHO standards are not required, other methods exist that are better protected
from adversaries through greater stand-off distances, are much lower in cost, and have
frequent revisit capability, especially those that use satellite-based sensors. Nearshore
bathymetry can be extracted from satellite multispectral imagery by applying the linear
dispersion theory of surface gravity waves, which is the focus of this research. Previous
research into this method at the Naval Postgraduate School focused on determining the
viability and accuracy of this method, but used a manual, time-intensive process (Myrick,
2011; McCarthy, 2010). The purpose herein is to take the next step by investigating an
algorithm that automates this process. A few of the other methods that have been or are

still being explored are briefly discussed in Chapter I1.

B. SPECIFIC OBJECTIVES

The objective is to investigate an automated method for determining nearshore
bathymetry using remotely sensed images of the Waimanalo Beach area of Hawaii. A
desire to reduce the time and effort required to extract the bathymetry information,
therefore greatly increasing the efficiency of the process as compared to the previous

work is what provided motivation for this effort.

The WorldView-2 satellite took the multispectral and panchromatic images in
rapid succession in March 2011. The imagery was orthorectified, converted to Universal
Transverse Mercator (UTM) coordinates, and processed using a Wave Kinematics
Bathymetry (WKB) computer algorithm to: crop the images to the desired analysis area;
register the images to one another (~ 1 m accuracy); apply filters and distinguish between
land, clouds, and water and; finally, extract current and depth fields by fitting a solution
to the data (Abileah, 2006). The resulting estimated depth fields were compared to
ground truth data collected by the Joint Airborne LIDAR Bathymetry Technical Center of
Expertise (JALBTCX) during survey operations using the CHARTS system with a
Scanning Hydrographic Operational Airborne LIDAR Survey (SHOALS)-3000
bathymetric LIDAR (Figure 1). This study reaffirms that applying the linear dispersion
relation for surface gravity waves to wave data collected from multispectral satellite

imagery is a viable technique for determining bathymetry in denied or restricted areas.
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Il. BACKGROUND

A INTRODUCTION

For many years, nearshore bathymetry has been determined without the use of
direct measurement, such as a sounding line, even as far back as World War I (Myrick,
2011). Described in more detail in Myrick’s paper, those early methods consisted of the
waterline, transparency, wave celerity, and wave period methods. The waterline method
relied on aerial photographs of the beach at times of low tides, when the bottom was
partially exposed. The transparency method exploited the concept that deeper water
absorbs more light and, thus appears darker in aerial photographs. The wave period
method used the fact that the period is constant as a wave propagates so a relationship can
be established between the period, the wavelength, and the water depth at multiple
locations. These methods all had limitations that made them marginally useful, but were

sometimes arguably better than having no bathymetry information at all (Myrick, 2011).

The wave celerity method, which invokes the linear dispersion relation discussed
shortly, was also very limited before more accurate timekeeping and better resolution
images became available. Modern remote sensing technology has removed these
previous handicaps and the wave celerity method is now a viable one for determining
water depth in nearshore regions (Myrick, 2011). The wave celerity method is the

method used as the foundation for this study.

B. THEORY

Surface gravity waves propagating in the ocean obey the linear dispersion relation
between wave celerity, or phase speed, c¢; wave period (7); wavelength (4); and water

depth (d). The dispersion relation for surface gravity waves is:
" = gk tanh(kd), (1)

where w is the angular frequency (w = 27/T), g is the acceleration due to gravity, and k is
the wavenumber (k = 22/1) (Herbers, 2003). For large kd, which is the case in deep

water, tanh(kd) = 1 and the dispersion relation reduces to:
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In shallow water, where kd << 1, tanh(kd) = kd, so the dispersion relation reduces to:

coz@k. 3)

The corresponding limits of the phase speed ¢ = w/k are:

c=% for deep water 4)
@

c=+/gd for shallow water. (5)

The conclusion from Equations (4) and (5) is that deep water waves are
dispersive, whereas shallow water waves are nondispersive. That is, the phase speed of
deep water waves is a function only of w, whereas the phase speed of shallow water
waves is independent of @ and is instead, only a function of depth (Herbers, 2003).
Another way to think of this is, as waves travel from deep to shallow water, their
frequency and period remain constant, forcing phase speed to decrease and wavenumber
to increase with decreasing depth. Since these changes are proportional to each other,

this is exactly the phenomenon that is exploited to extract the water depth.

In addition to waves slowing and getting shorter as they shoal, another physical
effect is an increase in their amplitude. This effect becomes important in the surf zone,
where the waves break and wave height increases wave speed. The nonlinear processes
that occur in the surf zone and add speed to the waves are not accounted for in the linear
dispersion relation. This introduces error, usually in the form of overestimated depths
because of the additional speed (Myrick, 2011). Equation (1) is actually a very good
approximation for depths greater than 2 m, and is still valid at 1 m depths with moderate
wave heights (Abileah, 2006). Therefore, caution is necessary when using any method

that relies on the dispersion relation in the very shallow depths of the surf zone.

It can be shown that the wave induced velocity components and the water
pressure decay exponentially with depth as kd — oo (deep water). In fact, by only half a

wavelength below the surface, these parameters are reduced to about 4% of their surface



values (Herbers, 2003). For this reason, a good thumb rule is: regions where the depth is
greater than half the wavelength are deep water and the dispersion relation does not help
in determining water depth, since phase speed does not depend on depth in this regime.
For the purposes of this study, regions where the depth is less than half the wavelength
will be considered “nearshore” and is the regime where the dispersion relation is useful
for this technique. It should be noted that this definition includes both the shallow water
regime, discussed previously, and the intermediate water depth regime, where phase

speed depends on both frequency and depth.

C. SOME MODERN METHODS FOR DETERMINING NEARSHORE
BATHYMETRY

Several methods using different techniques have been developed that use modern
remote sensing technology to determine nearshore bathymetry. The methods discussed
are only a few of the many methods and techniques currently being investigated by a

multitude of researchers.

1. Airborne Passive Optical System (Using Linear Dispersion Theory)

The basis of modern methods using the dispersion relation is to collect ocean
images, extract the space-time characteristics of the waves in the images, then transform

this data into spectra that can be used to retrieve depth and currents.

The first method employs a passive optical system mounted on an aircraft (Figure
2). This turret-based system, called the Airborne Remote Optical Spotlight System
(AROSS), maps a time series of images to a common geodetic surface by carefully
measuring the imaging geometry (Dugan et al., 2001a). It was designed using
commercial off-the-shelf technology with the intention of ultimately mounting it on

unmanned aerial vehicles.

Precisely registering the images to each other is critical to obtaining accurate
results. Other important considerations are: adequate spatial resolution to resolve the

smallest waves (the resulting viewing geometry typically yields a sufficient 2 m), large



enough field of view to capture several of the longest waves (2 km x 2 km is typically
used), and dwell times long enough to observe several of the longer wave periods (30 s or

greater is used) (Dugan et al., 2001a).

Figure 2. Close-up photo of camera and turret as mounted on the nose cone
of the Pelican aircraft (From Dugan et al., 2001a).

One data set using AROSS was collected during the Shoaling Waves Experiment
in the Outer Banks of North Carolina in 1999. A three-dimensional (3-D) Fourier
transform was used to turn a data cube consisting of 2 minutes’ worth of data from an
area approximately 500 x 500 m into a frequency-wavenumber power spectrum. Figure 3
shows a two-dimensional (2-D) slice through the resulting power spectrum, oriented in
the direction of the primary swell waves. The theoretical dispersion surface that includes
no current and is for infinite depth is represented by the dashed curve at the intersection

of the dispersion surface with the plane of the slice. The wave energy is concentrated in a
8



narrow ridge that is slightly skewed off of the theoretical curve. The depth and current
are determined by calculating a surface that fits the measured wave spectrum. The
resulting dispersion surface is denoted by the solid curve and, in this case, a depth of
8.2 m and current speed of 0.14 m/s is the solution (Dugan, Piotrowski, & Williams,
2001b).
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Figure 3. Frequency-wavenumber slice, from Outer Banks study, through

the power spectrum, oriented in the direction of the primary swell waves.
The theoretical dispersion surface that includes no current and is for infinite
depth is represented by the dashed curve. The depth and current are
determined by calculating a di