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Multibeam sonar data was collected on Nehalem Bank, off of the Oregon Coast with the 

purpose of increasing the spatial resolution of our knowledge of the area and delineating 

seafloor habitats.  The system used was the Kongsberg Simrad EM-300 operating at 30 

kHz.  The data set collected includes both topographic and backscatter information, both 

of which were processed and gridded at a 5m cell-size resolution.  This thesis 

summarizes the methods used in the characterization of seafloor habitat using the 

Nehalem Bank data and the analysis tools incorporated within a geographic information 

system (GIS).   

 This work focuses on investigations into the analysis of benthic habitats through 

the use of algorithmic calculations at multiple scales to quantitatively delineate distinct 

seafloor regions.  A recently developed spatial analysis technique, the bathymetric 

position index (BPI), was tested and used as part of the Benthic Terrain Modeler Tool to 

classify the Nehalem Bank data.  Those results were compared both qualitatively and 

quantitatively to a newly developed method (developed for this project) entitled the 

surface interpretation method (SIM).  Both methods of classification use multiple scales 

of BPI in conjunction with the topographic digital elevation model (DEM) to 

quantitatively delineate seafloor habitats.  While accuracy assessments of remotely 

sensed imagery on land are usually carried out using groundtruthing information



 

collected specifically for that purpose, sonar imagery is often assessed using any 

information available.  The groundtruth data available for Nehalem Bank is sparsely 

located throughout the region and includes: submersible dives, sample data, and seismic 

and sidescan imagery.  In order to evaluate the fit of the classification attempts to the 

DEM quantitatively, a set of reference points was created and interpreted using the three 

dimensional (3D) visualization capabilities of a GIS.  The results were analyzed using 

error matrix statistical measures that provided a quantitative assessment of the 

classification results, the feedback from which guided a refinement of the classification 

methods.  This was done in attempt to optimize “real-world” evaluation of a classification 

methods results, without an idealized level of seafloor groundtruth data.   

 The backscatter component of the data was processed to reduce the influence of 

grazing angle on the intensity of surface returns, a common source of noise that 

dominates many datasets.  The processed image shows a reduced variability of the grey 

level of the imagery in both along and across track directions.  Submersible dive 

groundtruth data were then co-located with the backscatter imagery using habitat 

interpretations of the dives displayed upon the DEM.  The backscatter data was then 

classified in the regions of the dives using textural analysis with grey level co-occurrence 

matrix derived indices of homogeneity and entropy.  The resulting substrate class 

divisions satisfactorily parsed the landscape into habitat regions, with the exceptions of 

the nadir and shadow regions.  However, higher frequency deep-towed sidescan imagery 

in the same region shows that the delineation of substrate regions appears to be incorrect 

with the EM300 imagery likely imaging subsurface seafloor characteristics. 
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A Comparison of Seafloor Classification Methods Through the Use of 
Multibeam Sonar, Error Matrices and 3-Dimensional Visualization: 

Case Study of Nehalem Bank, Oregon 

Chapter 1.  Introduction 

1.1 Summary 

 This thesis summarizes the methods used in the characterization of seafloor 

habitat using multibeam sonar data and the analysis tools incorporated within a 

geographic information system (GIS), with an interpretive focus on Nehalem Bank, 

Oregon.  The work involves several investigations into the local, large scale analysis 

of benthic habitats through the use of algorithmic calculations to quantitatively 

delineate distinct regions in the multibeam imagery.  This thesis also provides a 

method to quantitatively compare benthic topographic classification schemes with the 

use of 3 dimensional (3D) visualization and the calculation of error matrix statistical 

measures.  The results from this work are presented as a series of classification 

schemes along with a discussion of the strengths and weaknesses of each method.  

The results are then summarized and discussed with conclusions made about their 

importance for future seafloor investigations.   

 The use of multibeam sonar systems (MBSS) in scientific studies of the seafloor 

has expanded rapidly over the past two decades, with much of the growth being due 

to a refinement in the physical capabilities of the systems, as well as an increase in 

the capacity to collect and store large amounts of data using personal computers.  

Recent studies in both shallow and deep water marine environments show that the 

potential uses and benefits of multibeam echosounding (MBES) data cover several 

disciplines of science including marine geology, biological oceanography, fish 

ecology, fisheries, and deep-sea coral ecology (Romsos, 2004, Romsos et al., in 

press, Copps et al., in press, Goldfinger, 1997, Nasby-Lucas et al., 2002; Lundblad et 

al., 2006; Huvenne et al., 2002).  As the work presented in this thesis is an 

assessment of our ability to use MBES data, it is both timely and essential for the 
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further understanding of how multibeam sonar system surveys can be used to increase 

our knowledge of benthic ecosystems.   

1.2 Motivation 

 In the last decade there has been a dramatic increase in the public’s interest in 

ocean science and health, as the anthropogenic impacts to ocean ecosystems have 

become increasingly apparent.  In two recent assessments, the PEW and US Ocean 

Commission reports, it was made clear that many of ocean ecosystems are in danger 

of losing functional diversity and with it, a loss of natural capital and ecosystem 

services (PEW Oceans, 2000; US Oceans, 2004).  Both reports recognize that the 

fisheries disasters of the recent past were likely due to overexploitation and habitat 

degradation of marine environments, while also stating that there is a dearth of studies 

related to human impacts upon the marine environment.  One of the needs stressed by 

both commissions is for an increase in our understanding of trophic interactions 

within ecosystems and the effects of resource extraction.   

 The work presented in this thesis is part of a much larger effort to gain a better 

understanding of the habitats and processes of benthic ecosystems.  It was originally 

driven by the re-authorization of the Magnuson-Stevens Fishery Conservation and 

Management Act (MSA) in 1996 (Public Law 94-265), which highlighted for the first 

time the importance in understanding the habitats that fish depend upon for their 

existence.  Within this law is a mandate for the determination of the essential fish 

habitats (EFH) required for each life stage of each federally managed fish species.  It 

is the responsibility of the regional fisheries management councils to evaluate and 

minimize adverse effects to the “extent practicable” (NOAA’s National Marine 

Fisheries Service, EFH Final Environmental Impact Statement (EIS) 2006) of human 

interactions with those habitats.  One of the results from this legislation was that the 

federal government was ordered by the courts to evaluate and produce an 

Environmental Impact Statement (EIS) for the effects of commercial groundfish 

bottom-trawl fishing on fish habitat; the courts case was filed in the American Oceans 

Campaign et. al. v. Daley et. al., Civil Action No. 99-982 (GK) (D.D.C. September 
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14, 2000).   The final EIS for the evaluation of EFH has been completed and is 

currently in review by the Pacific Fishery Management Council (PFMC), where 

alternatives for the Groundfish Fishery Management Plan will be evaluated (PFMC 

Groundfish FMP, A19 (2006)). 

 In 2002, under the guidelines of the MSA, nine species of groundfish were 

declared “overfished”, forcing the PFMC to take aggressive actions for stock 

preservation.  As the MSA declared, if a species of fish was listed as “overfished” (ie 

the stock of that fish fell below a certain level, usually at around 20% of its expected 

biomass) then the Fisheries Management Council regulating that species is mandated 

to rebuild it.  Until it could be determined that bottom trawl fishing for groundfish 

was not adversely impacting essential fish habitats, then it was ordered that those 

areas must be managed in a precautionary manner.  Because groundfish species are 

almost impossible to individually target, the PFMC declared large areas off of the 

Oregon, Washington, and California coasts closed for bottom trawl fishing.   

 Since the original closure of 2002, spatially-based closures have occurred off of 

the U.S. West coast on an annual basis.  The current spatially-based management 

restrictions for groundfish fishing off of the Oregon coast include two designations, 

both of which fall under the title of  Rockfish Conservation Areas (RCA), including: 

bottom trawl contact areas (BTCA) and bottom contact conservation areas (BTCA) 

(PFMC, 2006) .  These areas, which cover much of the continental shelf, are 

determined by depth ranges and typically lie between the depth contours of a deeper 

boundary at either 150-200 fathoms and a shallow contour at either 75-100 fathoms.  

While the RCA boundaries have fluctuated over time during their existence, the area 

between the 100 and 150 fathom depth contours has remained closed since June of 

2003.  A view of the current RCA is shown along with the 100-150 fathom area in 

Figure 1 to give a sense of the management implications for the Oregon Continental 

margin.   Those areas not designated as RCA’s change over time with the regulations 

and are fished with some regularity (See Figure 2).   
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Figure 1. Rockfish Conservation Area off of Oregon as of May, 2006.  The image is 
color shaded by elevation.  Depth is from dark blue at the deepest to light blue 
shallow.  The approximate depth zone of the RCA ranges from 75- 200 fathoms.   
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Figure 2.  Changes in the density of groundfish bottom trawling on the Oregon 
continental shelf.  Changes reflect both RCA designation and gear restriction 
measures (Bellman, 2006).   
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1.3 The Role of the Active Tectonics and Seafloor Mapping Laboratory 

 As an investigative partner with NOAA in the EFH process, the Active Tectonics 

and Seafloor Mapping Laboratory (AT&SML) at Oregon State University has been 

involved in the collection, evaluation, and dissemination of seafloor data along the 

U.S. West coast.  Because of its historical collection of seafloor data the AT&SML 

was contracted to produce the first version of a seafloor map delineating the most up-

to-date knowledge of benthic habitats on the Oregon and Washington continental 

margin.  These data sets were summarized and published in map form for the first 

time by Romsos et al. (2004) in the Surficial Geological Habitats of the Oregon 

Continental Margin Pacific Coast Groundfish Essential Fish Habitat Project Map.  

Published along with the map was a quantitative assessment of the data density and 

quality that were interpreted to produce the final image. However, the map did not 

include all of the available data due to time constraints.   Other iterations of the map 

are therefore required for the continued evaluation of EFH on the west coast to 

include any additional data that becomes available.  In an assessment of the first EFH 

map and risk assessment of fishing efforts completed by Wakefield et al. (2004), one 

of the most important results was the identification of the areas where data gaps 

occurred.  Many of those gaps highlighted regions that were interpreted based upon 

sparsely situated data where there was a lack of high resolution seafloor data.   

 As a part of the EFH process, the AT&SML has been involved in the practice of 

synthesizing a wide range of disparate data sets into a comprehensive seafloor GIS.  

What makes the AT&SML GIS unique is its interest in the intersection of data at 

different scales of resolution.  Lanier et al. (submitted, 2006) highlights the different 

issues involved in this process, including issues of data quality, accuracy, and scales 

of resolution.  Understanding the issues of data accuracy, scale, and resolution are 

vital to understanding what types of analysis are possible when you have a high 

density of different types of data overlapping within a region of interest.  The study 

site for this work, Nehalem Bank, was selected because it represents such an area on 

the continental shelf of Oregon (See Figure 3) where the intersection of data types 

could be evaluated.   
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Figure 3. Nehalem Bank data set location overlaid on the cumulative ranked data 
density of all data types for the Oregon continental margin (Romsos, 2004). 
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 Arguably, the most important data set for the characterization of benthic habitats 

is a detailed base map of the seafloor topography.  Once a topographic map is 

accurately produced, then it can be combined with other data sources in a GIS and 

viewed in a context that would otherwise be impossible.  In fact, with the technology 

available today, one can easily drape a wide range of data sets on a seafloor digital 

elevation model (DEM) in a 3D environment to provide a variety of benefits to the 

analyst, including seafloor exploration, navigation or industrial engineering (Mayer et 

al., 2000).  In this report, 3D visualization will be used both as a source of input for 

one classification method, and as an evaluation tool to test and compare the quality of 

seafloor classification results.   

1.4 Goals 

 The goal of this report is to produce a classification of Nehalem bank while also 

showing several analysis methods used to characterize benthic topography and 

seafloor substrates at the local scale.  The methods describe quantitative measures 

used to delineate classes in both topography and seafloor hardness or texture from 

MBES data.  The final result is a set of geo-referenced data layers that can be used for 

the further exploration of habitat or species relationships.  Another goal is an 

assessment of the limitations of the data sets, of the methods, and a measure of their 

accuracy.  To accomplish this, the following questions are addressed:  

 

1. Does the MBES data provide an accurate depiction of the seafloor topography?  

What are the limitations of the data set?  What artifacts remain and propagate into 

the classified images and data layers?   

2. What techniques are important for the identification of important features in 

Continental Shelf topography?  What are the strengths and weaknesses of those 

techniques?   

3. How can one assess the quality of a surface classification scheme when 

groundtruthing information is at a different scale of observation?   
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4. What are the benefits to classification of using a 3D perspective? Is it possible to 

quantitatively compare two different classifications of the data using observations 

in a 3D environment?   

5. Can the texture of multibeam sonar backscatter imagery be used to classify 

homogeneous regions of substrate on the seafloor given the Nehalem Bank data 

set and the available groundtruthing data sources?   

1.5 Thesis outline 

 The work presented in this report is divided into chapters that are described 

briefly in this section.  In Chapter 2 a brief overview of the principles of collecting 

multibeam sonar data in the marine environment is provided.  The topics covered 

range from the principles of sound traveling in water to instrument orientation and the 

calculation of instrument resolution.   

 Chapter 3 will present an brief background into the field of benthic classification.  

Benthic habitat will be defined in this section along with the review of two recent 

classification schemes that have been developed.  The last sections of the chapter will 

discuss some common methods of habitat characterization, including those that have 

used MBES data as a primary component of their work.   

 Chapter 4 will provide a comprehensive background of the data set used in this 

report, covering a range of topics from the collection and processing of the data to the 

geological setting and extent of prior knowledge.  The methods of map production 

will also be reported along with the resulting bathymetry and backscatter maps.   

 Chapter 5 will provide a description of the different methods used to classify the 

data based upon an analysis of the topography. Also provided is the qualitative 

comparison of the resulting classification grids.   

 In Chapter 6 the method used to quantitatively assess the different topographic 

classified grids through the use of error matrices and 3D visualization is provided, 

along with the results from that analysis.  A second iteration of the classification 

process is also included which greatly improves upon the error matrix results.   
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 Chapter 7 provides the background and description of the textural analysis 

methods used in other similar studies to classify the backscatter data along with a 

description of the methods used in two case examples on Nehalem Bank.  The 

submersible groundtruthing data that was used in the effort is described, and 

displayed on the backscatter imagery with the training regions that were used to 

texturally classify the resulting backscatter imagery.  The results from the textural 

analysis are also reported along with a brief qualitative analysis.   

 In Chapter 8 the results from each analysis method are discussed along with the 

strengths and weaknesses of each method.  Chapter 8 also describes the final 

classification scheme for Nehalem Bank that is a hybridization of an existing scheme 

and the topographic classification completed using the methods described in chapter 

5.   In Chapter 9 some conclusions will be provided based upon the use of each 

method along with recommendations for their further use and the implications of 

them in the case of Nehalem Bank.   
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Chapter 2. Multibeam sonar principles 

2.1 Introduction 

 Receiving sound echoes from the seafloor has been a common method of 

determining water depth since the early twentieth century.  Single beam echo 

sounders were developed in the early 1920’s using the principle that the depth of a 

column of water can be calculated from the travel time of a transmitted acoustic 

pulse, (ie. wave of sound) from the ocean surface to the seafloor and back.  These 

systems were used extensively for the creation of navigational depth charts of the 

U.S. continental shelves and slopes.  With the increasing sophistication of electronic 

equipment and the ability to create arrays of projectors the concept of using multiple 

beams of sound was used to produce the worlds first multibeam sonar.  The first 

system used, the Sonar Array Sounding System (SASS) was installed in 1963 and 

operated on the Compass Island, a U.S. Navy vessel(NOAA Ocean Explorer, 2006).   

From that time on multibeam sonars and have become the method of choice for 

seafloor investigations.  In this section the general principles of collecting sound 

information from the seafloor will be presented, along with a description of the 

multibeam echo sounder (MBES) specifics and factors for determining sonar 

resolution.  For details beyond what is presented in this section, some excellent 

reviews have been produced by Blondel (1997) and others (Urick, 1983; L-3 

Communications Sea Beam Instruments, 2000).   

2.2 Principles of Sound in Water 

 Sound travels through water as a series of pressure fronts known as a 

compressional wave.  These waves propagate through the water at specific speeds 

depending upon the local speed of sound, which is a function of the water conditions 

and controlled by the factors of salinity, pressure, and temperature.  The distance 

between wave fronts in a propagating wave is the wavelength. The number of wave 

fronts that passes a stationary point per unit of time is the frequency.  Sound waves 

are usually described in terms of their frequency because of the fact that frequency 
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will remain constant even if the wavelength of sound changes due to a change in the 

local speed of sound.  Sound waves carry a certain amount of acoustic energy and can 

be measured using the oscillations in pressure from the wave.  A hydrophone is an 

instrument used to measure the size of the oscillations.  As a sound wave travels 

through the water column, some of its acoustic energy is lost to the generation of 

heat, called absorption.  Attenuation, or the loss of energy from a sound wave, results 

in a reduction in the amplitude of the wave.  The amount of acoustic energy 

attenuated in the water column is dependent upon the frequency of the sound being 

propagated.  Generally, higher frequency waves attenuate at a much more rapid rate 

than do low frequency sounds.   

2.3 Concepts of acoustic ensonification 

 When an acoustic pulse is generated in the water column it expands spherically as 

it travels, losing some of its energy in the process.  The loss of energy due to both 

spreading and absorption is called the transmission loss.  This occurs as the sound 

waves travel to the seafloor and back.  The total amount of transmission loss is 

dependent upon the distance it travels, therefore the farther a wave travels the weaker 

it gets.  When a sound wave emitted from a projector strikes a portion of the seafloor, 

it is said to “ensonify” that region.  Depending upon the seafloor substrate, a certain 

amount of that energy will be absorbed and reflected.  Softer seafloor substrates like 

sand and mud will absorb much of the energy whereas harder substrates like rocks 

and metal will reflect it.  The fraction of incident energy per unit area that is directed 

back to the receiving hydrophone is called the backscattering strength.  A hydrophone 

functions opposite of projectors.  Hydrophones receive the pressure oscillations from 

the water column and convert them to voltage levels.  Because both projectors and 

hydrophones perform similar functions they are collectively referred to as 

transducers.    

 For each application of sonar remote sensing, sonars must distinguish the desired 

echoes from the surrounding environment.  There are many other sources of noise in 

the ocean including sounds from waves, marine creatures, and ship noise.  The signal-
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to-noise-ratio is the ratio of received signal strength to the background noise level.  

Most sonars are calibrated to filter out a specific level of sound as background, while 

collecting information from only the desired acoustic frequencies.   

2.4 Active Sensors 

 Multibeam sonars are devices that actively produce sound waves at specific 

frequencies and then listen for the echoes within the same frequencies.  The range, or 

distance, to the bottom is calculated using the time it takes to detect an echo and the 

local speed of sound.  Bathymetric sonars must be able to project acoustic pulses that 

are precise, controllable, and repeatable.  This is accomplished through the use of a 

piezo-electric ceramic projector which minutely changes size when a voltage is 

applied to it.  There are three main types of bathymetric sonars, single beam echo 

sounders, multibeam echo sounders and sidescan, which are used for imaging the 

seafloor; all using the same principles of detection but implemented in different ways.   

Single beam echo sounders use only one projector operating vertically from the base 

of a vessel.  Sidescan systems generally collect data using a deep towed tow-fish 

equipped with two independent arrays that collect information from low angles of 

incidence (angle between remote sensor and plane of seafloor, perpendicular being a 

high angle of incidence) on each side.  In contrast, multibeam sonars are usually 

located close to the surface of the water on either a hull or pole-mounted system, and 

collect information from high angles of incidence using a single acoustic system.   

2.5 Generation of acoustic beams 

 The goal of any bathymetric survey is to produce accurate depth measurements 

for many points on the seafloor in a systematic way so that an accurate picture of the 

region can be attained.  To accomplish this, a sonar system must be able to record 

accurate measurements corresponding to known locations on the seafloor.  Multibeam 

sonars accomplish this goal by using groups of projectors within their transducer units 

that can produce and receive narrow beams of sound in a process called beam 

forming.   Beam forming is accomplished using the constructive and destructive 
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interference that occurs as a result of two overlapping sound waves.  The locations of 

constructive and destructive interference are dependent upon a number of factors 

including the projector spacing, the wavelength of the sound and the angle of 

incidence to the seafloor (L-3 Communications Sea Beam Instruments, 2000).  

Usually projectors are spaced at distances of half of the wavelength because this 

configuration yields a predictable pattern of constructive interference perpendicular to 

the axis of the projectors.  Using this knowledge and a time delay factor called beam 

steering, beams can be sent out at many different angles along a narrow strip of the 

seafloor.  Placing the projector and receiver in a Mills cross orientation where they 

are sited perpendicular to each other, allows the sound to be collected from the 

intersection of the two areas of constructive interference which results in the imaging 

of a small area of the seafloor (Figure 4).    

 

 

Figure 4.  Diagram of multibeam sonar echosounding characteristics (L-3 
Communications Sea Beam Instruments, 2000). 
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 The echoes from the seafloor are received by the hydrophone arrays in an analog 

recording of continuous voltage levels.  They are then converted to digital values 

using discrete time slices of that information.  For determining each echo’s location 

both the time and angle of arrival are recorded using the amplitudes and phase of the 

incoming sound waves.   

2.6 Motion Reference Calibration 

 A complicating factor in sonar remote sensing is that measurements are being 

made on a platform that is moving relative to the seafloor environment.  Before the 

reported echoes can be translated into measurements of the seafloor, the motions of 

the transducer arrays must be taken into consideration.  This can be done by either 

“steering” the beams to compensate for ship roll, pitch, and yaw during beam forming 

(high-end systems), or done by recording ship attitude at the time of beam 

transmission, and calculating seafloor beam position.  This is process is called motion 

compensation and is accomplished using measurements made of the ships movement 

around its center of mass.  In general, the movement of a ship can be defined as a 

movement in the across-track (x), along-along track(y), or vertical direction (z).  

Rotational movements in each direction are called pitch, roll, and yaw respectively 

(Figure 5).  Translational movements along each axis are also recorded and they are 

called surge (x-direction), sway (y-direction), and heave (z-direction).  Movements of 

the ship are recorded in time intervals for each of the six above mentioned 

possibilities by a motion reference unit (MRU).  Corrections for each measurement 

are then applied to the echoes recorded by the transducers in that same time interval.  

In this way, the beams for the multibeam system are corrected (stabilized) for the 

movements of the ship and each echo can be correctly positioned with respect to the 

seafloor.   The advantage of compensating for ship motion during beam steering is 

that the swath on the seafloor remains relatively independent of ship motion, while 

later compensation results in seafloor ensonification patterns that are dependant on 

ship motion.   
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Figure 5. Motion Reference Diagram for ship movements (adapted from L-3 
Communications Sea Beam Instruments, 2000).   

2.7 Sound Velocity and Ray Tracing   

 Even with motion referencing corrections made, the exact position of each return 

echo can only be determined if the sound velocity characteristics of the water column 

are known.  Ray tracing is the process of using a predetermined sound velocity profile 

to correct for the positional offsets of an echo due to refraction of sound waves for 

changes in the density of water.  CTD casts are made daily in the course of an MBES 

survey because they provide good approximations of the sound velocity profile and 

can be used to correct for refractory effects.   

2.8 Sonar resolution 

 In multibeam sonar imagery there are several different types of resolution that 

must be discussed in order to understand the limitations of the final image.  The final 

image resolution of a sonar system is the ability to discern two adjacent objects on the 

seafloor with the image.  The ability to accurately plot points on the seafloor is 

dependent upon the area of ensonification of a single beam (called the “sonar 

footprint”) and is a function a number of factors including sonar frequency, depth, 

individual beam pointing angle, and the true angle of incidence (taking the local slope 

into consideration). When producing a final image of sonar data it is important to 
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have a good understanding of the range, across-track, and along-track resolutions of 

the system in order to choose an appropriate pixel-size dimension.    

 The ability to discern returning signals from objects on the seafloor that are next 

to one another is called the range resolution.  The determining factors of range 

resolution are the bandwidth of the system and the depth of the survey.  The range 

resolution can be calculated knowing the operational frequency (calculated as 10% of 

the bandwidth W) of the sonar and the speed of sound C (Diaz, 1999).  The equation 

for calculating the range resolution is shown below in Equation 1. The equation 

shows that the range resolution of the sonar is directly proportional to the bandwidth 

of the system (ie. frequency).   

 

     
Equation 1. Range Resolution Equation 

 

 Assuming a flat seafloor, the circular footprint from under a ship will transform 

into an ellipse as the sonar angle increases, becoming wider in the across track 

direction.  The area covered by each footprint can be calculated using the length of 

the transmitted pulse (L), the sound velocity (C), and the grazing angle (θ), as shown 

in Equation 2.  The across track resolution of a system is dependent upon the number 

of angle beams the sonar is capable of emitting or forming and the depth of the 

seafloor at that instant in time.  Using this knowledge it can be generalized that the 

across-track resolution of a sonar system is expected to be at its maximum in the 

nadir (directly underneath the ship) and decrease as the distance from the nadir 

increases, while the resolution for the entire swath width is decreased with increasing 

depth.      
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Equation 2.  Calculation of across-track footprint size 

 
 Unlike the across track resolution, the along-track resolution of a sonar system is 

not only dependent upon the width of the across-track footprint, but also on how 

many pings travel to the seafloor and back in a set period of time.  The along track 

resolution, then, is a function of how close together the swath soundings are recorded 

and is a function of the ping rate (correlated with the bandwidth) and the ships’ speed 

of travel.   

2.9 Backscatter Image Collection 

 When sound interacts with the seafloor surface some fraction of its energy enters 

that new medium.  The energy not absorbed or reflected by the seafloor is scattered in 

all directions.  The collection of that scattered sound is the backscatter measurement.  

The amount of energy transmitted to the seafloor is dependent upon a number of 

factors including the angle of incidence of the sound wave to the seafloor, the 

physical characteristics of the surface, and the intrinsic nature of the surface (listed in 

decreasing order of importance).  See Figures 6 and 7 for a view of the factors 

influencing backscatter collection.  In theory, these factors can be determined and a 

catalogue of characteristic response signals generated from different seafloor 

substrates.  Reality provides a conflicting view however, as the complications 

involved in the measurement and estimation of the combined parameters above has of 

yet made the task of successfully modeling backscatter unattainable (Gonidec et al., 

2003; Parnum, 2004; Goff, 2004).  In the following subsections a general description 

of the factors influencing backscatter strength will be discussed.  For more detailed 

descriptions see Diaz (1999), Blondel and Murton (1997), and Johnson and Helferty 

(1990).  
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 The reflection coefficient from the seafloor is a measure of the amount of energy 

reflected versus energy absorbed and is a measure of both the specular reflection and 

the backscatter strength.  When an acoustic pulse interacts with the seafloor, a certain 

amount of that energy is absorbed by the material in a process called volume 

scattering.  The energy that does not travel into the seafloor must reflect back into the 

water column and it does so with the same frequency characteristics of the source 

wave in a process called specular reflection.  When the area ensonified is close to the 

nadir of the ship, the specular reflectance signal will overshadow the backscatter 

response signal and result in high return values.  The result is the characteristic 

striping prominent in most backscatter imagery (see results section 7.5, Figure 13 for 

an example). This effect is normally compensated for by applying a time varying gain 

(TVG) to boost gain as a function of beam angle away from the ship.  In many studies 

using backscatter imagery to quantify regions of the seafloor, the nadir region of the 

data is masked out or corrected (most often using a lambertian model) to deal with the 

problem of no signal from the nadir region (Blondel and Murton, 1997; Kostylev et 

al., 2001).   Shadows are often common in backscatter images as regions of high 

topography can result in the acoustic pulse being completely absorbed or trapped, 

resulting in areas of the seafloor appearing darker than they otherwise should based 

upon their true surface characteristics (See Figure 6 for a view of this phenomenon).   
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Figure 6.  Diagram of backscatter reflection principles.  The figure depicts the types of 
reflection common from sound waves intersecting the seafloor surface.  The difference 
between specular and backscatter reflections are shown, along with a diagram of how 
areas of topography may have backscatter shadows.   

 
 When the area of ensonification is in the middle and far range of the sonar then 

the effects of surface roughness and substrate composition are more influential on the 

backscatter values.  The difference between specular reflection and backscattering 

from the seafloor depends upon the wavelength of the acoustic pulse and the 

macroscale topography.  In general the amount of scattering due to surface roughness 

is inversely related to wavelength; scattering will occur when the seafloor surface has 

macroscale features greater than or equal to the wavelength of the acoustic pulse.  

The acoustic impedance of the seafloor substrate, which is a function of the density of 

the medium and its local speed of sound, will also influence the amount of energy 

absorbed in the sediment in a process called volume reflection, versus scattering or 
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reflection (See Figure 7 for factors affecting backscattering strength).  In general, 

harder seafloor substrates have higher reflection coefficients resulting in stronger 

backscatter returns than softer seafloor substrates.   

 

 

Figure 7.  Factors affecting backscatter strength.  The influence of the factors on 
backscatter strength decreases from top to bottom (Adapted from Blondel and 
Murton, 1997) 
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Chapter 3 Characterization of seafloor habitats 

3.1 Introduction 

 Seafloor classification methods fall far behind the methods used in traditional 

land classifications because of the simple fact that it is physically much more difficult 

to make observations when land is underwater.  Because it is time consuming and 

costly to acquire, the availability of observational data from the seafloor is much 

scarcer than in terrestrial investigations and is, in general, not as detailed or thorough.  

The types of data available for the purpose of seafloor classification include sample 

collection, the acquisition of remotely sensed data (sidescan sonar, multibeam sonar, 

seismic), and observational video groundtruthing data (through in situ direct 

observation).  Because of this data paucity, much of the seafloor area on the 

continental shelves is as of yet unclassified or broadly interpreted based upon a 

limited knowledge base.  For this reason scientists are still struggling with issues of 

data consistency and comparability, both between and among studies of seafloor 

habitat.  This section provides a brief review of the available classification methods 

and schemes that have been developed and proposed for the delineation of benthic 

habitats.   

3.2 Definition of Benthic Habitats 

 What defines a habitat?  How can one partition a landscape into distinct regions 

when the landscape is a continuous series of physical gradients in time and space?  

The following quote provides part of the answer and describes the issues and 

dilemmas surrounding the classification of seafloor, or benthic, habitats.   

 

“Habitats are defined as spatially recognizable areas where the 

physical, chemical and biological environment is distinctly 

different from surrounding environments.  A habitat can be 

delineated as narrowly or broadly as the data and purpose permit, 
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and this flexibility of scale influences the development of habitat 

classification schemes” (Valentine et al., 2004). 

 

 Following those ideas then, a benthic habitat is a seafloor region that can be 

characterized using the physical gradients of several variables, including depth, 

substrate, slope, roughness, and morphology, and may also include oceanographic 

and biological factors such as temperature, salinity, nutrient flux, and biogenic 

content. As Greene et al. (2005) point out however, the definition of habitats is 

usually determined by the association of a set of environmental conditions with an 

individual species or community.  It is understandable then that the delineation of 

habitat features using classification schemes can and has varied widely depending 

upon the species, purpose and scale of the study, all ultimately dependent upon the 

availability and resolution of the data.   

 Greene et al. (2005) also argue that in many cases the classification of benthic 

habitats which occur without associated biological data should be termed “potential 

habitats” as they can be used to evaluate species-environment relationships, but 

currently lack that information.  One of the most important uses of a classified map of 

potential habitat is the further investigation of some species, phenomenon, or 

physical/chemical process.  In that way, a detailed map of the important structures 

within a landscape is invaluable for the evaluation of different “potential habitat” 

types and may be used in the fields of marine geology, fisheries management, marine 

ecology, and acoustic remote sensing and image classification. Because one of the 

goals of this study is to provide such a map of the Nehalem Bank region, a brief 

review of the recent methods used to characterize and classify seafloor habitats was 

conducted.   

3.3 Classification Schemes 

 There are currently two major approaches to the characterization of habitats in 

marine benthic systems, including the bottom-up perspective (commonly used by 

geologists) and the top-down method (mainly used by biologists) to define 
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communities based upon the flora and fauna of an area (Greene et al., 2005).  Most 

recent seafloor classification efforts have been conducted using the bottom-up 

technique, by default, because of the paucity of observational seafloor data 

(particularly biological data), and an increasing use of geophysical data collected by 

acoustic remote sensing techniques.   

 This report discusses two different, but equally valid methods that have been 

proposed as a way to define marine benthic habitats.  In the first classification scheme 

evaluated by Valentine et al. (2004),  the authors chose as their goal to characterize 

not only the habitats in terms of their topographical, geological, biological, and 

oceanographic attributes, but also the natural and anthropogenic processes influencing 

those regions.  Their scheme recognized the eight themes of seabed topography, 

dynamics, texture, grain size, roughness, fauna and flora, habitat association and 

usage, and habitat recovery from disturbance as the major defining attributes of a 

habitat.  Those themes are further attributed by a sequence of modifiers that address 

habitat characteristics in increasing levels of detail.  The second classification scheme 

evaluated was that of Greene et al. (2005), which uses the scale of an observation as a 

major criterion for describing habitat.  In this scheme, Greene identified habitats by 

grouping them into classes based upon the order of magnitude that the observations 

relate to.  The habitat classes were categorized into either of four groups: 

megahabitats (10’s of kilometers to a kilometer), mesohabitats (1km 10’s of meters), 

macrohabitats (10’s of meters to 1m) and microhabitats (1m to 1cm).  Like the first 

classification scheme mentioned, Greene’s system allows a hierarchy of attributes to 

be associated with a single seafloor region; the megahabitat class being listed first, 

followed by attribute designations at smaller scales in the other levels of the scheme.   

 While both of the habitat classification schemes presented above are valid an 

underlying theme present throughout the benthic classification literature is that while 

research is being conducted individually, a single, universally accepted classification 

scheme is needed for benthic habitats that will facilitate the comparison and 

refinement of methods across disciplines.  As of yet that goal has been unattainable 
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but, with a bottom-up approach based upon the characteristic geological features and 

definitions, should be possible.   

3.4 Methods of Characterization 

 In seafloor studies the most common variable used in the characterization of 

benthic habitats has been depth.  This is not surprising as depth is often the first piece 

of information collected in studies of the seafloor environment and it has a profound 

influence on the local environment.  The second most common variable used is 

seafloor substrate type, which reflects upon the available data sources of sample 

collection and video groundtruthing.  The use of the two variables, depth and 

substrate, has grown dramatically in habitat classification efforts during the last 

several decades with the increasing use of acoustic measurements from sonar systems  

that have been designed to image both.  The following section touches on several 

studies that have used the variables of depth and substrate for the classification of 

habitats.   

 The use of depth as a prominent variable has shown its importance for several 

types of investigations, ranging from the evaluation of fish habitat to the derivation of 

quantitative indices.   While the use of depth measurements has been common, the 

scale of the study has often dictated the accuracy and resolution of observations 

needed.  For studies on a regional scale, having a general idea of the depth contours 

has been acceptable.  Numerous examples of habitat studies on a regional scale can 

be found in fisheries science, where the extent of fish habitat is often correlated with 

depth through the use of trawl surveys (Williams and Ralston, 2002; Weinberg, 

1994).  Studies on smaller scale regions and features require a much higher accuracy 

and resolution of depth observations.  One of the most common methods of using 

depth in studies at the mesohabitat or macrohabitat scale is to use it as a 

geographically referenced, base layer upon which to overlay observations and 

measurements.  This has commonly been accomplished in the past decade through the 

capabilities of a GIS.  In this way, the seafloor features can be correlated with 

observational data to make inferences about the areas where observational data does 
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not exist.  Several studies on the Oregon continental margin provide examples of 

using depth and a combination with other groundtruthing data sources (some 

including MBES data) to measure and extrapolate fish-habitat predictions (Stein, 

1992; Nasby-Lucas et al., 2002; Whitmire, 2003). Whitmire (2003) investigated the 

relationships between parameters determined from multibeam sonar imagery and 

habitat characteristics observed in submersible transects, to extrapolate fisheries 

abundance estimates to the extent of MBES data.  In this case the relationship 

between fisheries counts and habitat types was evaluated and used to delineate 

regions of habitat including: ridge-gully, high-relief rock (boulders and cobbles), and 

two classes of unconsolidated sediment (ie mud and sands).    

3.5 Acoustic Remote Sensing Image Classification  

 A common theme throughout the studies mentioned in section 3.4 is that, as the 

resolution of the seafloor data increases, so does the complexity of the methods used 

to characterize and classify features on the landscape.  The capability of storing 

seafloor data, generated by acoustic remote sensing in a raster data model (where 

every cell in the data set has a unique value) has greatly influenced the way that 

bathymetry or backscatter data are processed, stored, and analyzed.  The ability to use 

spatial analysis methods and image processing techniques has provided a new source 

of input data for the purpose of seafloor exploration and habitat classification.  

Examples of using image classification techniques on remotely sensed seafloor data 

can be found in studies using sidescan sonar (Reed and Hussong, 1989; Cochrane and 

Lafferty, 2002) and multibeam sonar imagery using both bathymetry and backscatter 

data (Diaz, 1999; Whitmire, 2003; and Lundblad, 2004.  The methods presented in 

those analyses were very influential to the methods used and developed in this work, 

and as such, a brief summary of those works not already covered in the above 

sections will be provided in the following paragraphs. 

 In his thesis describing the delineation of topographic features in Santa Monica 

Bay, Diaz (1999) makes the distinction between the use of spatial filtering and the 

derivation of first and second order indices from the digital elevation model (DEM).  
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Diaz used spatial filtering, the passage of an analysis kernel over the landscape, to 

emphasize the information contained within the data.  The specific filters used in his 

analysis were high and low pass filters, designed to emphasize different frequencies 

of information from within the image.  The resulting spatially filtered data sets were 

then compared to the original image values using a simple algorithm, to create what 

he termed a topographic amplitude index (TAI) and a topographic variability index 

(TVI).  The TVI and TAI products were also joined in his analysis by DEM 

derivatives, which are obtained through the direct analysis of the surface.  The 1st and 

2nd order derivatives were defined as the direct measurements of the surface (eg. slope 

and aspect), and the measurement of the rates of change of the surface (eg. plan and 

profile) respectively.  In his work, Diaz also realized the importance of the issue of 

scale to calculation of indices, going on to statistically evaluate the differences 

between different scales of image resolution.  From the results he concluded that the 

first order derivates of slope and TAI were influenced by the scale of resolution of the 

data sets used while depth and TVI were not significantly affected.  As another aspect 

of his work, Diaz (1999) also looked into the relationship between backscatter and 

seafloor characteristics in an attempt to analyze the imagery using textural indices.  

Based upon his results he found that using grey level co-occurrence matrices (GLCM) 

in conjunction with statistical indices to quantitatively describe image texture, did not 

result in a satisfactory description of backscatter regions in his study area (See 

Chapter 6 for a description of textural analysis).     

 In her thesis work evaluating shallow water topography in the areas surrounding 

American Samoa, Lundblad (2004) uses a neighborhood analysis called the 

bathymetric position index (BPI) (See Chapter 5 for a full description of the BPI) to 

classify the topographic habitats into broad zones and fine structures. Lundblad 

(2004) recognized how the intersection of two scales of neighborhood analysis could 

be used to delineate specific regions of terrain.  The topographically classified regions 

were then to be used in conjunction with groundtruthing data from SCUBA video 

surveys, in the effort to evaluate the ecology of coral species in the region.   The 

details of her analysis method will be expanded upon in Chapter 5 as it was one of the 
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classification methods used to delineate topographic habitats in this study.  In another 

investigation of seafloor habitats using this index (although called topographic 

position (TPI) index) Whitmire (2003) evaluated the correlation between submersible 

dive fisheries observations and TPI and other DEM derivatives to predict fish-habitats 

on Heceta Bank, Oregon.   
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Chapter 4. Nehalem Bank Mapping 

4.1 Introduction   

 As shown previously in Figure 3, Nehalem Bank is one of the few areas on the 

continental shelf of Oregon where there is a relatively high density of observational 

data that can be used to groundtruth and test different classification methods.  The 

area was also recently surveyed with high-resolution multibeam sonar as part of 

NOAA funded Ocean Explorer project and had yet to be processed or classified, 

making it an appealing study site as it had previously only been mapped at the 

regional scale.   In the rest of this chapter, the new multibeam data set will be 

described along with the geological setting of Nehalem Bank and a brief summary of 

the previous mapping and interpretation efforts.  The details of the multibeam data set 

processing and map production will also be provided along with the presentation of 

the resulting high resolution bathymetry and backscatter images.   

4.2 Geologic Setting  

 Nehalem Bank lies within the north-central section of the Cascadia continental 

margin, which is an accretionary subduction system that includes Northern California, 

Oregon, Washington, and Vancouver Island (Figure 8)).  The young accretionary 

system is emplaced against an older accretionary complex (the coast range) which in 

turn lays outboard of an outer arc high and Cenozoic outer forearc basin.  The 

submarine forearc lays seaward of a subaerial outer arc high, the Coast Range, and an 

inner forearc basin, the Puget-Willamette Lowland (Goldfinger et al., 1997).  The 

Cascadia continental shelf is relatively flat, resulting from the complete filling of the 

forearc basins with a thick sedimentary sequence and subsequent Pleistocene wave 

erosion and reworking during repeated transgressive-regressive cycles (McNeill et 

al., 2000).  
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Figure 8 Regional map of U.S. West coast topography and bathymetry.  The Cascadia 
Accretionary Complex is shown in the upper left of the left hand window while the large 
submarine banks on the Oregon continental shelf are shown in the right hand window.  
The area surveyed of Nehalem Bank is shown in the red box in the right hand window.   
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 The deep forearc basins of the Cascadia margin are delimited on their western 

edge by a series of major submarine banks that are in turn part of the outer arc high.  

The three major banks of the Oregon margin, Nehalem, Heceta, and Coquille, are 

separated by two interbank basins, the Newport embayment and the Coos Basin.  The 

banks are also distinct from the interbank areas in that they are more highly deformed 

by active faulting and folding than are the interbank basins.  The shelf break varies 

greatly in distance from the coast, from 22 km in the Newport embayment and 37 km 

in the Coos Basin, to 68 km at the seaward edge of Heceta Bank, 62 km at Nehalem 

Bank, and 34 km at Coquille Bank (Figure 8).  

 Nehalem Bank (Figure 9) is composed of partially exposed Miocene-Pliocene 

outcrops of sandstones, mudstones and siltstones that are uplifted along active faults 

on the western and southern flanks of the bank (Niem et al., 1990).  The outcrops 

form a series of hogback ridges separated by joints and fissures resulting from periods 

of differential erosion by transgressive seas during low sea levels of the last glacial 

maxima.  The bedrock outcrops are clustered relatively close together and are now 

surrounded by gently sloping plains consisting of an unconsolidated mix of sand, silt 

and clay (Figure 9).    

4.3 Previous Studies of Nehalem Bank 

The bank has been explored geologically with various technologies and commercially 

fished using trawls and fixed gears.  Early geologic data in the area include 

bathymetric soundings/charts, seismic reflection profiles (some with coincident dart 

core samples), and sediment sampling of the bank margins (e.g. Kulm et al., 1975; for 

a complete list of data see: Romsos, 2004).  See Figures 9 and 10 for a geographical 

view of the different data sources in the region.  The background used in Figure 9 is a 

500m gridded image constructed by the Active Tectonics and Seafloor Mapping Lab 

using various data sets including historical NOAA bathymetric soundings and other 

modern data sets including single and multibeam echo sounder imagery.   
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Figure 9.  Regional map of Nehalem Bank.  Above: shows the location of Nehalem 
Bank  relative to the Oregon coast and continental margin.  The outline of Nehalem 
Bank used in these views is from the most recent regional interpretation (Romsos, 
2004) Below: Previously collected geologic data in the region of Nehalem Bank 
showing the location and type of data collected.  For a full list and description of the 
data refer to Romsos (2004).  
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 Modern exploration in the region of Nehalem Bank has included sidescan sonar 

imaging and submersible dive observations, sampling and video along the seaward 

outcrop faces (Goldfinger, 1994).  While Figure 9 shows the distribution of sediment 

samples on the continental shelf, Figure 10 shows the dominant sediment type 

brought up in the trap within the immediate vicinity of Nehalem Bank.  The sidescan 

sonar imagery was collected using the AMS150 Sidescan, for the purposes of 

identifying the geologic faults in the region.  The submersible dives show in Figure 

10 were conducted after the collection of the sidescan data for the purpose of 

groundtruthing that imagery and in search for active faulting.  Review of the 

submersible dive videos reveal a lithologic patchiness to the bank structure, with 

coarse materials on the margins of the outcrops and complex joints and ridges on the 

bank-top (to be discussed in detail in Chapter 7).    
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Figure 10. Geographic locations of seismic line data and image of sidescan sonar data in 
the region of Nehalem Bank.  The seismic lines are overlaid on a hillshade image of the 
new EM300 multibeam data, numbered and geologically interpreted.    
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4.4 Regional Scale Mapping of Nehalem Bank 

 Early exploration of the seafloor in the region of Nehalem Bank occurred in the 

1970’s and 80’s as part of the search for offshore mineral deposits (Niem et al., 1990) 

resulting in the delineation of geological provinces shown in the left half of Figure 11 

(Petersen et al., 1986) delineating a general outline of rock outcrops.  The rock 

outcrops in the region were defined as mudstone or siltstone, with minor amounts of 

sandstone of Miocene or Pleistocene age.  That map was used by the AT&SML 

(Romsos, 2004) in conjunction with the unedited Nehalem Bank EM300 data to 

delineate two habitat classes: Shelf Mud and Shelf Rock (Figure 11).  The Shelf Rock 

class encompasses the three large sandstone and siltstone outcrops for a rock area 

totaling 74.6 km².   These rocky outcrops are surrounded by a mud sedimentary facies 

(Kulm et al., 1975), mapped as one large unit that extends beyond the margins of the 

Nehalem Bank study area.   

 
Figure 11.  Previous delineations of the seafloor in the region of Nehalem Bank.  The 
left hand side of the graphic shows the first geologic map of the area (Petersen et al., 
1986) while the right hand shows the most recent effort by Romsos (2004). 
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4.5 Nehalem Bank Multibeam Mapping  

 Multibeam sonar data were collected on Nehalem Bank, off of the Oregon Coast 

on the continental margin during the summer of 2002, using the University of 

Washington research vessel, Thomas G. Thompson.   The data were collected with the 

purpose of increasing the spatial resolution of our knowledge of the area, with the 

ultimate goal of objectively and systematically identifying and delineating seafloor 

habitats.  A Kongsberg Simrad EM-300 operating at a 30 kHz frequency, with a total 

of 135 one degree (1x1) acoustic beams, was used for the data collection.  The 

EM300 sonar has the capability to survey in depths ranging from 100 meters at the 

shallowest to 3500 meters at the deepest and includes both depth and backscatter 

components.  The data for this region was collected over a period of 3 days and 

covers an area of approximately 375km2. 

4.6 Data Processing and map production 

 The new EM-300 multibeam data were edited and processed using MB system 

(an NSF supported multibeam processing package (Caress and Chayes, 2006), to 

compensate for the effects of elevation changes due to the tide, edit spurious noise, 

and correct sound velocity profiles; all of which are typical post-acquisition data 

processing steps.  Once the data were completely processed, they were gridded at a 

resolution ranging from approximately 2m in shallow regions (above 150m) to 5m in 

deeper water (up to 300m), using a Gaussian Weighted Mean gridding function in 

MBsystem. Mbsystem’s native NetCDF data format was converted to ASCII for 

import and conversion to the ArcGIS raster grid file format.  (See Appendix A. for a 

view of the scripts used for file type conversion and gridding) 

 The Nehalem Bank Data set was successfully interpolated to a grid cell size 

resolution of 5m for the entire grid.  The achievable resolution of the DEM was 

consistent with other studies using data from a 30 kHz EM300, including Whitmire 

(2003) and Nasby-Lucas et al. (2002).  The Nehalem Bank data clearly shows the 

shape and structure of three rocky banks and a fault system as the dominant 

physiographic megahabitats of the region (as defined by Greene et al., 1999, 2005).  
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As a whole the data set was entirely filtered for spurious noise and other problems 

associated with swath elevation discrepancies due to the tides or sound velocity.  In 

one location in the Southeast corner of the data set however, is an area where the 

effects of incomplete motion compensation are visible during a turn of the survey 

vessel.  This data was left in the data set because of its importance in the area for 

defining the extent of the southern end of the bank.  The only other errors visible in 

the image are noisy areas under the nadir of the ship and  minor elevation differences 

in the areas of swath overlap that occur in north to south zippered shaped vertical 

lines on the image.  The high resolution of the image allows one to clearly observe 

the complex bedding and joints on the tops of the bank, as well as other topographic 

features of interest including: the southwest to northeast trending fault in the 

southeast corner of the image, a small ridge and gas vent pockmarks on the western 

edge of the shelf, small drainage features in the southern edge of the shelf, and a 

crosscutting feature that may be a Miocene basalt intrusion to the bank on the eastern 

edge of the image (See Figure 12).   
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Figure 12. Topographic DEM of Nehalem Bank.  The colorshaded bathymetry image is 
overlain on the hillshaded bathymetry to enhance the topographic structures. 
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4.7 Backscatter processing and Image creation 

 As discussed in physical principles of backscatter collection, section 2.9, the 

strength of the echo reflectance is a rough approximation of the hardness of the 

seafloor with which the sonar wave interacts.  The backscatter strength also varies as 

a function of the sonar grazing angle, and roughness of the surface.  To correct for the 

influence of grazing angle on the backscatter strength a filter, MBBackangle (Caress 

and Chayes, 2006) was applied to the data.  The filter calculates a grazing angle look-

up table for sections of data in the along track direction of each swath, averaging the 

grey level values for a user specified number of pings.  When the image is gridded the 

values for each location are scaled relative to the look-up table value in that region of 

data.  The result of the MBBackangle filter is an image where each individual 

amplitude value is scaled in the across track direction.  The resulting image is a 

backscatter image that has been smoothed along-track for grey level variations in the 

across-track direction.  The parameters that the user controls are the along track 

distance over which the cell values are averaged, and the number of grazing angle 

bins that the filter uses to create the look up tables.  The specific parameters and Unix 

script used to filter and grid the Nehalem Bank data are shown in Appendix D.  The 

final image was gridded using the MBsystem software package in the WGS 1984 

datum, projection UTM zone 10N, and was converted to an ASCII file format.   

 One of the major qualitative differences between the raw (figure 13) and 

processed backscatter imagery (figure 14) is the prominent striping in the near range 

of the backscatter image, directly under the ships nadir.  The filter did a great job of 

averaging those values so that the variation in the across track grey level was greatly 

reduced.  The quality of the backscatter image is definitely much better in the mid 

range of the data across track, but the filtering applied to it was effective for the near 

and far range areas as well.   

 



  

40

 
Figure 13. Unprocessed Backscatter image.  The prominent vertical striping is due to the 
influence of specular reflection in the nadir of the ships track.  It is hard to pick out the 
rocky bank areas because they reflect in the mid-range of reflective spectrum. 
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Figure 14. Processed Backscatter Image.  The prominent striping under the nadir of the 
ships’ track was mostly removed, reducing the vertical striping of the imagery.   
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Chapter 5 Topographic Classification Methods 

5.1 Introduction  

 This chapter presents a brief background of topographic classification techniques 

to complement the discussion in section 3.4, followed by sections on the methods 

used to produce and evaluate the resulting classification images.  Two different 

classification methods will be presented, one of which describes the use of a 

published tool, the other a unique combination of analysis procedures using the 

visualization capabilities of ArcGIS.  In the last section of the chapter the results from 

each method are compared and contrasted qualitatively.   

5.2 Background  

 The goal of quantitative analysis of topographic data as a method to delineate 

regions of habitat is something that has its roots in terrestrial landscape classification 

efforts (Coops et al., 1998).  Those efforts used neighborhood analysis techniques to 

evaluate slopes, measure the curvature of the landscape (ie, plan), and profiles of 

different topographic regions using a DEM.  The concept of quantitatively describing 

the location of a pixel relative to a measure of those around it, led to the development 

of a topographic position index (TPI).  One of the first documented uses of the TPI 

was in the forestry field to measure and map the landscape locations within in a 

watershed (Guisan, et al., 1999; Weiss, 2001).   The method has since been adapted 

and semi-automated by Rinehart et al. (2004), for use in seafloor studies and has been 

used successfully by several researchers (Lundblad et al., 2006; Whitmire, 2003; 

Iampietro and Kvitek, 2002).  The advantage of finding and using an automated 

method is the ability to objectively and use the technique in future benthic studies, 

with some measure of reproducibility.   

5.3 Classification using the Benthic Terrain Modeler  

 BPI (a variation on TPI) can be calculated using the Benthic Terrain Modeler 

(BTM) a free ArcGIS extension developed by the Oregon State University Davey 
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Jones Locker Seafloor Mapping/Marine GIS Lab in collaboration with the NOAA 

Coastal Services Center's GIS Integration and Development program (Wright et al., 

2005).  BTM contains a set of tools that allow users to create grids of slope, BPI, and 

rugosity from an input data set. The BPI algorithm, based on Weiss (2001), uses a 

neighborhood analysis function to compare the elevation of a single pixel, to the 

average of multiple cells surrounding it in a defined shape (an annulus, rectangle, or 

circle).  The resulting BPI value varies around zero and is a function of the scale of 

the input raster cell size and the size of the neighborhood averaging dimension.  The 

algorithm for calculating the BPI is shown in Figure 15, along with a diagram of the 

how the spatial analysis functions on the landscape.  The resulting image, from a BPI 

analysis, is thus a depiction of the landscape that discriminates topographic peaks 

from topographic depressions based on the way that BPI varies above and below the 

mean, respectively, of the adjacent surface data.  The definitions used in the BTM 

classification scheme by Lundblad (2004) for the broad BPI zones are shown below.   

 

Crests - High points in the terrain where there are positive bathymetric 

position index values greater than one standard deviation from the 

mean in the positive direction.   

 

Depressions - Low points in the terrain where there are negative 

bathymetric position index values greater than one standard deviation 

from the mean in the negative direction.   

 

Flats - Flat points in the terrain where there are near zero bathymetric 

position index values that are within one standard deviation of the 

mean. Flats have a slope that is <= 5. 

 

Slopes - Sloping points in the terrain where there are near zero 

bathymetric position index values that are within one standard 

deviation of the mean. Slopes have a slope that is > 5.  
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Figure 15.  Conceptual illustration for the calculation of  the BPI index, along with the  
algorithm used. Figure diagram modified after Weiss, (2001) algorithm from Lundblad et 
al. (2006).   
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5.4 Benthic Terrain Modeler Methods 

 BTM helps the GIS analyst calculate a BPI for the bathymetry, formulate a model 

for classification, and create of a classification dictionary which provides the rules 

that define the criteria for classification (see Figure 16).  Typically, two scales of the 

BPI are calculated from the bathymetry grid and are then used in conjunction with a 

user defined classification dictionary to bin the cells of the original DEM into surface 

topographic classes.  The criteria used to separate the classes are established by the 

user and are defined for each desired topographic class.  The criteria used in the BTM 

tool for Nehalem Bank are shown in Figure 17.   

 

 

Figure 16. Classification process used by the Benthic Terrain Modeler showing the 
analysis paths and grids produced (Wright et al., 2005).   
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 The classification rules for bathymetric classes are based mainly upon the 

interaction between the broad scale BPI and fine scale BPI, as shown in Figures 16 

and 17.  Both broad and fine scales of BPI are used to capture the variation in the 

landscape at those scales of interest.  In Lundblad et al. (2006) a broad scale of BPI of 

70 was chosen because it reflected the average distance between the large scale 

features (coral reefs) in the landscape.  Likewise a fine scale BPI of 10 was used 

because it represented the scale of the finer features (small ridges) of the landscape 

scale objects.  In general, the broad BPI is meant to delineate the obvious features in 

the landscape while the fine scale BPI is used to capture more detailed features within 

an area that may be the actual potential habitats.  

 The choice of scales used in this study is site specific as the BPI grids generated 

from the bathymetry are unique to the area.  To make the decision of which scale to 

use the BPI index grids were draped upon the bathymetric data where they were 

compared to each other.  Three different broad and fine scale BPI grids were 

generated and standardized using the BTM tool at the scales of 15, 25, 50, 100, 150 

and 300 meters. At the broad scale, the 100, 150, and 300 meter grids were visually 

compared to each other.  For visual comparison each BPI indexed grid was 

symbolized in ArcMap using the same color scheme and classification method 

(Standard Deviations).  This was to effectively differentiate between the different BPI 

indices based upon how they fit the landscape.  Of the broad scale indices, the 300 

meter BPI was chosen because it did the best job of highlighting the top of the banks.  

Similarly, of the fine scale BPI indices, the 25 meter BPI was chosen because it did 

the best job of differentiating the fine structures of the bank, including the strike 

ridges and joints.  The 300 and 25 meter BPI grids were then input into the model and 

used to define the classification dictionary criteria required by the model for 

completion of the process.      
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Figure 17.  BTM Classification Dictionary for Nehalem Bank.  This model shows the 
generalized criteria used to bin landscape locations into topographic classes. 

 

 The first  set of criteria established in the classification dictionary are the range of 

values that correspond to broad scale BPI classes and are responsible for dividing the 

landscape up into zones.  For example, all values of the broad scale BPI index that 

fell within one standard deviation of the mean value were placed within the Open 

Slope zone (areas that were approximately flat with a relatively constant slope).  

Values for the broad scale BPI above one standard deviation from the mean would 

fall into the Crest zone and those with values below one standard deviation would be 

in the Depressions zone.  This division of the data into zones is shown as the first 

level of the classification model shown in the Figure 17.  The fine scale BPI index 

values were then used in the 2nd level tier to modify the values within each major 

zone into fine scale structures; also determined using values relating to positions 

above, below, and within one standard deviation of the mean.  A final decision tier in 
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the classification dictionary occurs only in the division of fine scale structure classes 

within the Crest zone and is based upon their slope values.  This is shown in Figure 

17 where the slope value of cells within one standard deviation of the mean of the 

fine scale BPI are divided into Hillslope and Plateau classes using slope values above 

and below one standard deviation of the mean, respectively.  This division of 

structures with the Crest zone was chosen to delineate another type of habitat within 

the rocky banks, whereas that distinction was not necessary for either the Depressions 

or Open Slope zones.  (See Appendix B. for the specific criteria used in the 

classification dictionary).   
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5.5 Classification using Surface Interpretation  

 The second method used for the topographic classification of Nehalem Bank data, 

was created to take advantage of intersection between all of the available spatial 

indices created from the surface analysis of the DEM.  The method, which I will call 

the Surface Interpretation Method (SIM), was based upon the use of GIS visualization 

and interpreted point locations on the landscape to create classification signatures.  

The interpreted points were intersected with many layers of data including: the 

original DEM and derived spatial indexes (slope, rugosity, multiple broad and fine 

scale BPI indexes, and aspect).   While slope, BPI, and aspect have been defined in 

previous sections (3.4, 5.2) an explanation of rugosity should be provided.  Rugosity 

is a measure of the how rough a surface is and can be explained as the ratio of the 

length of the surface to its planar distance (See Figure 18).  This spatial index was 

also calculated using a tool provided by the BTM software suite of tools (Wright et 

al., 2005).    

 

 

Figure 18. Diagram of the Rugosity calculation (Lundblad, 2004; Jenness, 2003) The 
rugosity algorithm is based upon a 3X3 neighborhood analysis (a) that uses the 
relative heights of the DEM (b) to calculate the ratio of surface area to planar area (c).   

 
 Once all of the spatial analysis indices were derived from the DEM they were 

condensed using the Principle Components Analysis (PCA) tool from ESRI’s Spatial 

Analyst Toolbox.    
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5.6 Surface Interpretation Method (SIM) 

 The first step in this process was the creation of a set of random points within the 

extent of the Nehalem Bank grid.  This was accomplished through the use of the 

Generate Random Points Tool in Hawth’s Analysis Tools extension for ArcGIS 

(Beyer, 2004).  Once the set of random points was created, it was overlain on top of 

the DEM in a visualization environment. With the use of a visualization program such 

as ArcScene, an observer can virtually fly over, and observe the location of a point on 

the landscape and define the topographic class corresponding to each randomly 

positioned point.   

 Once all of the points on the landscape are placed in a seafloor class, then the 

points can be used to create a signature for classifying the rest of the DEM.  The 

signatures were created using the Create Signatures Tool in ArcGIS Spatial Analyst 

Toolbox, using a 10m buffered polygon layer of the points as the location to collect 

data from each of the principle component layers.  The signature file was then input 

in the Maximum Likelihood classification tool in the Spatial Analyst Toolbox to 

produce a classified grid of seafloor topographic classes (See Figure 19 for a view of 

this process).  
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Figure 19 Surface Interpretation Method Model of Classification.  This figure shows how 
the points were used in combination with the spatial analysis layers to classify the 
topographic positions on the landscape.  



  

52

5.7 Resulting Classified Images 

5.7.1 BTM Classification Results 

 The resulting output from the BTM tool is a raster image of the topography 

classified into the regions that were defined in the classification dictionary, with the 

results for Nehalem Bank are shown in Figure 20 where the results are overlaid semi-

transparent over the topographic hillshaded DEM.  The classification of Nehalem 

Bank by the BTM tool is also displayed in the top half of Figure 23 at three different 

scales to show the classes with different topographic features portrayed.  The smallest 

scale image shows a regional picture of Nehalem Bank so that the entire classified 

image can be observed.   

 The largest single class present in the image is the Open_slope category with 86% 

of the total area, as displayed in Figure 20 and Table 1.  The rest of the image is 

composed of varying amounts in the other classes but of relatively equal percentages; 

the next highest class representing only ~3.5% (See Figure 21).  
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Figure 20. Results from the Benthic Terrain Modeler.  The image shows the topographic 
classes overlaid on the hillshaded bathymetry at 25% transparency.   
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Figure 21. Topographic area analysis results.  The figure compares the amount of area 
per topographic class designated by each method.  The inset graph shows an 
expanded view of classes 1-9.   

  
Table 1.  Area analysis comparison of classification methods.   
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5.7.2 SIM Classification Results 
 The results from the SIM classification are shown in Figure 22 and in the bottom 

half of Figure 23.  In Figure 24 the image was scaled and displayed in the same 

manner as the BTM results for direct visual comparison.  The resulting image is 

noticeably different from the BTM tool in the outlying region of the bank tops, as 

well as in the surrounding flat areas.  Compared to the BTM image, the bank tops of 

the SIM image look like they are completely delineated from the surrounding off 

bank areas, and classified on the bank tops more uniformly.   The results from an area 

analysis show that the majority of the area classified was Open_slope, at 75% of the 

total, and approximately 11% lower than the same class by the BTM method.  Table 2 

also shows that the other classes in the image are represented relatively equally with 

the exception of class 2, Depression_local_crest,  which had very few occurrences for 

the BTM tool and no occurrences in the SIM (This was due to the fact that there were 

no points interpreted in that class to create a class signature).   

 The SIM image was qualitatively analyzed using the same techniques that were 

used in the analysis of the BTM results, with the results shown in Table 3.   The 

qualitative analysis of the SIM topographic class results differ from the BTM results 

in two general trends.  The outlying areas of the rocky banks were classified correctly 

resulting in a clear delineation of the boundary of the banks from the surrounding flat 

habitats, while also doing a better job of capturing the features on top of the bank in 

their entirety.  One other difference in the SIM image, shown in the “weaknesses” 

category (Table 3) for several of the classes, was the classification of several sonar 

artifacts including: swath overlap and nadir noise.   
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Figure 22. SIM Classification Results displayed transparently over the DEM hillshade.   
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Figure 23. A visual comparison of classification results.  The left hand windows show a 
regional view while the right hand windows show enlarged views of a single area.   
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Table 2. Qualitative Topographic Analysis  
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Chapter 6.  Quantitative Assessment of Topographic Accuracy  

6.1 Introduction 

 In most cases the image derived from a classification method is compared to 

reference data which may include (in the case of land based classifications) aerial 

photography, airborne video, ground observations, and ground measurements 

(Congalton, 1999).  The seafloor data that have previously been collected in the 

Nehalem Bank Region and could be used for reference data includes submersible 

observations, sediment cores, and seismic exploration.  This data however is at a scale 

and accuracy different from the seafloor DEM and surface topographic classifications 

produced using the methods described above.  In order to carry out the accuracy 

assessment site-specific, co-registered surface topographic observations were needed 

that could be compared to those produced using either of the two methods.  In the 

first iteration of this method, the error matrix reference data was the set of randomly 

sited expert interpretations of points used to create the signatures in the SIM 

classification.  As mentioned previously 500 reference points were randomly created 

within the region of Nehalem Bank data set using the Generate Random Points Tool 

from Hawth’s Analysis (Beyer, 2004).  The points were then overlaid on the 

bathymetric data set (displayed transparently (~40%) over the hillshade of the 

bathymetry) in ArcScene.  Then, using the visual interpretation of each point from the 

pseudo 3D environment, each point was placed in a topographic class by manually 

editing the data table of the reference point data set in ArcMap.   In this way an 

observation of a point location on the virtual landscape can be compared to the 

classification of that point produced by an algorithm.  A second iteration of this test 

was completed using points only in the regions of the rocky banks to provide a 

greater number of reference point observations in the class, rather than most being 

within the Open_Slope zone.  

6.2 Quantitative Quality Assessment through Error Matrices 

 As a means of objectively comparing one classification attempt to another, a 

quantitative assessment of the accuracy of the classification grids on the Nehalem 
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Bank DEM was desired.  For this reason the use of an error matrix was chosen in 

order to identify the accuracy of each method in delineating topographic class 

boundaries.  The error matrix layout, following Congalton (1999), is a square array 

consisting of the number of occurrences, set out in rows and columns, of cells 

assigned to particular categories.  While the error matrices can identify the accuracies 

of each individual class and a measure of the total accuracy based upon the 

comparison of the classified values to a reference data set.  With the derivation of the 

error matrix, it is also possible to compute a KHAT value (an estimate of Kappa) for 

each error matrix, which provides a numerical estimate of the agreement of the 

classification attempt relative to the reference data (See Appendix C for a full 

description).  The KHAT value ranges from -1 to 1, but since there should be a 

positive correlation between the classification and reference data set, a positive value 

is expected.  Confidence intervals around the KHAT value can be computed and used 

to determine whether or not a single error matrix is significantly different from a 

random agreement (See Appendix C).  Knowing both the KHAT and variance values 

it is then possible to compute a Z-statistic which can be used to compare two different 

error matrices for statistically significant differences from each other (See Appendix 

C for a description of that calculation).  Using this method it is possible to compare 

the two different classification methods to see which achieves a closer 

correspondence to the reference data.  Also possible with this method is the ability to 

compare multiple, different methods, attempts, or even interpreters classifications if 

desired.   

6.3 Error Matrix Methods 

 To compute the error matrix we intersected the previously identified random 

sample of points on the landscape with the raster classification layers from each 

method, using the Point Intersection Tool from Hawth’s Extension.  The data were 

then extracted from the GIS into Excel for calculation of the values in the error 

matrix.  The resulting accuracy values including: the total accuracy, class commission 
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and omission error percentages, and KHAT values were calculated following the 

methods of Congalton and Green (1999).   

 Once the error matrices are derived and the KHAT and variance of the KHAT 

values calculated it is possible to test and see whether the two results are significantly 

different.  The test uses is calculated using the Z-statistic for the comparison of two 

Kappa’s (Shown in Appendix C.) to disprove the null hypothesis that the two kappa 

estimates (fit of the classification schemes) are the same.  If the calculated value of Z 

is greater than the 95 % confidence interval, than the difference between the two 

values is deemed significant.  This value was calculated for the two classification 

methods.       

6.4 Error Matrix Results 

 In the resulting error matrix tables the columns represent the interpreted reference 

data, while the rows represent the topographic classes generated by each classification 

method.  The error matrix reports both the errors of omission which indicates the 

percentage of cells not included in the correct class, and the errors of commission 

which indicates the percentage of classified values incorrectly placed in other classes.  

 While the overall accuracy of the BTM classification method reported for this site 

was ~ 77%, the value is largely influenced by category 10 which had 98% accuracy 

and accounted for 99% of the correct values.  The results for the individual categories 

showed that the classification methodology worked poorly for all other categories, 

with the 2nd lowest level of omission reported at ~75% (only 25% out of the reference 

points were correctly identified).  One other result that should be noticed in Table 4 is 

the relatively low levels of commission for the Crest Ridgetop and Hillslope classes 

(5 and 7), indicating some consistency in correctly classifying those features.  

 The error matrix for the SIM classification attempt reported an overall accuracy of 

83%, with much lower error levels for both omission and commission in each class.  

Except for classes Crest Plateau and Crest Hillslope (6 and 7), every other class had a 

levels of omission error less than or equal to 50%.  It is important to note that for 

either classification method the class with the fewest observations was Depression 
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Local crest (class 2), indicating that this type of features is not present in the region of 

Nehalem Bank.   

 

Table 3. Error Matrix for Benthic Terrain Modeler Classification (entire data set) 
BTM Classified
Classified Data 1 2 3 4 5 6 7 8 9 10 Total Comission (%)
1-Narrow Depression 1 0 1 4 0 0 1 0 0 0 7 86
2-Depression Local Crest 0 0 0 0 0 0 0 0 0 0 0 NA
3-Depression Gentle Slope 4 0 2 0 1 1 3 0 0 3 14 86
4-Crest Depression 0 0 0 0 1 1 0 0 0 0 2 100
5-Crest Ridgetop 0 0 0 0 4 0 0 0 0 0 4 0
6-Crest Plateau 0 0 0 0 0 0 0 1 0 0 1 100
7-Crest Hillslope 0 0 0 0 0 3 3 0 1 0 7 57
8-Open Slope Depression 0 0 0 2 4 3 3 0 0 1 13 100
9-Open Slope Crest 0 0 0 1 0 1 3 0 0 1 6 100
10-Open Slope 1 0 5 6 10 9 31 2 4 378 446 15
Total 6 0 8 13 20 18 44 3 5 383 500
% Correct 17 NA 25 0 20 0 7 0 0 99 Total Correct 388
Omission (%) 52 100 60 94 50 87 87 83 100 1 Total Accuracy 78

Reference Data (dispersed over entire data set)

 

Table 4. Error Matrix for SIM Classification (entire data set) 
3DSIM
Classified Data 1 2 3 4 5 6 7 8 9 10 Total Comission (%)
1-Narrow Depression 6 3 4 13 54
2-Depression Local Crest 2 2 0
3-Depression Gentle Slope 9 2 9 20 55
4-Crest Depression 1 16 3 5 2 27 41
5-Crest Ridgetop 15 3 1 19 21
6-Crest Plateau 2 10 1 4 17 41
7-Crest Hillslope 1 12 10 23 48
8-Open Slope Depression 1 1 6 15 23 74
9-Open Slope Crest 1 2 9 17 29 69
10-Open Slope 1 1 3 2 2 318 327 3
Total 7 2 11 23 19 13 30 9 11 375 500
% Correct 86 100 82 70 79 77 40 67 18 85 Total Correct 403
Omission (%) 14 0 18 30 21 23 60 33 82 15 Total Accuracy 81

Reference Data (dispersed over entire data set)

 
 One thing that is important to note when looking at the results from this analysis 

is the relatively low numbers of occurrences in classes 1-9, compared with class 10.  

Because the locations of points used in the quantitative assessment were randomly 

distributed throughout the entire data set, there was a bias towards sampling in the 

Open Slope category as this was the majority of the area of the data set.  This 

undoubtedly influences the ability of the method to assess the other habitat classes 

due to small sample sizes.   

 To account for the bias towards sampling outside of the bank region a second 

iteration of the analysis was conducted.  Like the first iteration 500 points were 

generated, although for this assessment they were situated within the region of the 
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bank tops, and used to interpret and derive error matrices for both classification 

methods.  The error matrix results from the bank top reference points are shown in 

Tables 6 and 7.  While the bank top error matrix results provide a much better 

measurement of the accuracy in the bank top region by increasing the number of 

observations, there was still bias towards the structural classes of the Crest zone 

(4,5,6,7) as they accounted for over 60% of the reference observations.  This is an 

unavoidable bias however if the sites are to be randomly situated within the bank top 

region.   

Table 5. BTM Error Matrix for bank top reference points.   
BTM Classified
Classified Data 1 2 3 4 5 6 7 8 9 10 Total Comission (%)
1-Narrow Depression 11 1 6 5 3 26 58
2-Depression Local Crest 0 0 0 0 0 NA
3-Depression Gentle Slope 5 1 19 3 8 1 7 44 57
4-Crest Depression 6 0 1 4 3 14 71
5-Crest Ridgetop 0 0 0 1 56 2 2 2 63 11
6-Crest Plateau 0 0 0 0 7 4 2 13 46
7-Crest Hillslope 0 0 0 4 16 5 16 41 61
8-Open Slope Depression 0 1 4 29 3 16 1 1 55 98
9-Open Slope Crest 0 0 0 1 24 3 9 1 38 100
10-Open Slope 1 4 18 15 12 34 64 4 10 44 206 79
Total 23 7 48 62 111 54 122 6 13 54 500
% Correct 48 0 40 6 50 13 13 17 0 1 Total Correct 158
Omission (%) 52 100 60 94 50 87 87 83 100 19 Total Accuracy32

Nehalem Bank Top Reference Data

 

Table 6. SIM Error Matrix for bank top reference points. 
3DSIM
Classified Data 1 2 3 4 5 6 7 8 9 10 Total Comission (%)
1-Narrow Depression 3 1 13 1 7 2 5 32 91
2-Depression Local Crest 0 0 0 0 NA
3-Depression Gentle Slope 0 2 8 3 3 2 4 1 7 30 73
4-Crest Depression 13 1 6 29 24 11 35 1 1 4 125 77
5-Crest Ridgetop 1 1 2 7 51 3 25 2 92 45
6-Crest Plateau 2 0 1 8 5 7 8 1 2 34 79
7-Crest Hillslope 2 2 3 10 11 7 17 1 4 57 70
8-Open Slope Depression 2 0 13 4 4 12 17 1 0 10 63 98
9-Open Slope Crest 0 0 12 8 7 0 3 1 31 90
10-Open Slope 0 0 2 1 0 4 2 2 4 21 36 42
Total 23 7 48 62 111 54 122 6 13 54 500
% Correct 13 0 17 47 46 13 14 17 23 39 Total Correct 140
Omission (%) 87 100 83 53 54 87 86 83 77 61 Total Accuracy28

Nehalem Bank Top Reference Data

 
 

 The results from the bank top analysis indicate that the accuracy of both methods 

for delineating the topographic habitats, at 31 and 28 percent for the BTM and SIM 

methods respectively, is significantly lower than reported for the regional 

assessments.  The Benthic Terrain Modeler method had the best results for the Crest 
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Ridgetops (5), Narrow Depressions (1), Depression Open Slope (3), and Open Slope 

(10) classes (See Table 6).  However, in an evaluation of those results it is clear that 

in the BTM classified image the mis-classification of points was due to the broad 

scale division of zones on the landscape.  This can be seen from the large numbers of 

reference points confused between the groups of classes [1, 4, 8], [2, 5, 9], and [3, 6, 

7, 10] in Table 6.    

 The SIM error matrix assessment indicated that the classes with the best fit were 

the Crest Depression, Crest Ridgetops, and Open Slope classes (shown in Table 7).  

Upon evaluation of that matrix there did not seem to be a recognizable pattern for the 

source of the error.  Because the class signatures were created from the observer 

interpreted points, however, there could be a problem identifying class breaks if the 

clusters of points contained overlaps in the feature space.   

 Because the reported accuracies from the bank top error matrix assessment did not 

result in a satisfactory performance from either classification method, the 

classification model was re-evaluated and simplified to reduce the number of classes.  

This was accomplished by effectively eliminating the broad scale BPI division of 

zones and keeping 4 fine scale structural classes, including Depressions (1), 

Ridgetops (2), Flats (3), and Hillslopes (4).  Another iteration of each classification 

method was run using the adapted classification model along with a re-evaluation of 

the bank top reference points.  The results from the simplified classification images 

are shown in figures 24, 26 and 27.  The error matrix results from both attempts are 

provided in Tables 8 and 9.   

 

 



  

65

 
Figure 24.  Classification results of Nehalem Bank using the BTM tool (2nd iteration) 
with a reduced number of classes.  While the number of classes in the image is reduced 
compared to Figure 20, the bank outlines are well delineated and the Ridgetop and 
Depression classes are confined within them.     
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Figure 25 Classification results from the SIM (2nd iteration) with a reduced number of 
class divisions.  Like figure 22 this image does a good job of delineating the outlines of 
the bank, even though many of the hillslope regions surrounding the banks were not 
identified.   
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Figure 26 A comparison of image results at multiple image scales (2nd iterations).  The 
left hand window shows a regional view while the right hand windows show enlarged 
views.    

Table 7.  Error matrix results from the Benthic Terrain Modeler with 4 classes.   
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BTM Classified
Classified Data 1 2 3 4 Total % Correct Comission (%)
1-Depression 64 2 5 24 95 67 33
2-Ridgetop 1 87 1 12 101 86 14
3-Flat 12 14 112 24 162 69 31
4-Hillslope 16 27 13 86 142 61 39
Total 93 130 131 146 500
% Correct 69 67 85 59 349
Omission (%) 31 33 15 41 70

Reference Data (Bank Top)

Total Correct
Total Accuracy  

Table 8. Error matrix results from the SIM classified image with 4 classes.  
SIM Classified (4Classes)
Classified Data 1 2 3 4 Total % Correct Comission (%)
1-Depression 68 1 13 26 108 63 37
2-Ridgetop 3 100 3 21 127 79 21
3-Flat 17 11 104 68 200 52 48
4-Hillslope 5 18 11 31 65 48 52
Total 93 130 131 146 500
% Correct 73 77 79 21 Total Correct 303
Omission (%) 27 23 21 79 Total Accuracy 61

Reference Data (Bank Top)

 
 The error matrices for both of the simplified classification methods show 

improvement in the agreement of the classification images and the reference points, 

directly observable in the percent correct by class and total accuracy values reported 

(see Tables 8 and 9).  While the resulting images show improvement, there are still a 

few points that were not identified correctly.  For example in the Ridgetop (2) class of 

the BTM results in Table 8, there are ~ 20% of the points incorrectly placed in the 

Hillslope (4) category.  After taking a closer look at those points in the 3D 

environment it was clear that those points were mis-classified (or mis-interpreted) 

because they were located at the edge of a topographic region.  However, as a whole 

there was improvement in each class delineated by both methods with the exception 

of the Hillslope (4) class of the SIM results in Table 9.  That class reported a much 

higher omission percentage than any other class produced at 79%, indicating a lack of 

separation in the signatures used to classify the data in that instance.   

6.5 Error Matrix Statistics 

 The Kappa estimates (KHAT) were calculated for each classification method and 

each iteration of results produced (See Appendix C for methods used to calculate the 

error matrix statistics).  The values shown in Table 9 show the progression of efforts 

in this work used to classify the region.  Each methods iterations are reported 

progressively from top to bottom starting with the 1st iteration, where 10 classes were 
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produced and evaluated with points randomly distributed over the entire landscape, 

and  ending with the last classification of the landscape into 4 classes and evaluated 

using only the points from the bank top region.  In the characterization of KHAT 

values it was reported that values below 0.4 represented poor agreement, while values 

between 0.4 and 0.8 represent moderate agreement, and values above 0.8 represent 

strong agreement (Congalton, 1999).   

 

Table 9.  Error Matrix Statistics.  This table shows all of the statistical measures that were 
calculated using the error matrices derived from each method and iteration.   
Classification Method (Reference Points) Total Correct Total Accuracy KHAT Variance KHAT Z-Statistic
BTM  (10 classes) 388 77.6 0.2871 0.0014 7.7317
BTM (10classes-Banktop) 158 31.6 0.2370 0.0006 9.7230
BTM (4classes-FBPI25m) 349 69.8 0.4423 0.0008 16.0118

3DSIM (10 classes) 416 83.2 0.5917 0.0010 18.2904
3DSIM (10 Classes-Banktop) 137 27.4 0.2170 0.0005 9.5802
3DSIM (4 Classes-Banktop) 303 60.6 0.3570 0.0008 12.3721  

 

 The results from Table 9 can be interpreted to mean that the original attempt of 

the BTM method had poor agreement with the reference data while the SIM classified 

data set had a moderate agreement.   Because the KHAT value takes into 

consideration the percentage of class values correct in each class, it was likely biased 

by the overwhelming number of points in the Open Slope Class (10).  The 

comparison of the regional versus the bank top assessments indicates that the original 

sampling design was not providing an accurate measurement of the classification 

methods performance.  This can be seen by comparing the 1st and second KHAT 

values for each method, which reports a reduced value.  Table 10 also shows that the 

simplified classification methods improved upon the agreement of the classification 

results to the interpretations, indicating a much better accuracy of measurement and 

agreement in topographic classification and observer interpretation of the landscape 

of Nehalem Bank.   
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Chapter 7.  Backscatter Classification 

7.1 Introduction  

 In general, backscatter images show that harder surfaces reflect more strongly 

than do softer surfaces.  However, in this and other cases where backscatter has been 

used on the Oregon continental margin (Nasby-Lucas et al., 2002; Whitmire, 2003) 

some of the harder seafloor surfaces (eg., the bedrock ridges) are composed of have 

reflected in the mid-to-low range of reflectance strengths.  This is unusual when 

compared to higher intensity returns that come from a mix of substrates that includes 

boulder, cobbles, pebbles and sand.  As a result it is very difficult to quantitatively 

classify the image into regions of different seafloor substrates based upon relative 

reflectance values, although it is possible with extensive groundtruthing (Edwards, 

2003).  For that reason, textural analysis was chosen to see if one could distinguish 

different regions of the seafloor based upon characteristic patterns of reflectance.   

 To help in the evaluation of the backscatter imagery there were several sources of 

groundtruthing available, as mentioned in Section 4.3, including: sediment cores, 

seismic reflection profiles, and submersible observations.  The most important of 

those being the submersible dives carried out on the western edge of the largest bank.  

The two dives, DELTA dives 3430 and 3431, have been interpreted for habitat type 

and provide a vital source of groundtruthing information used in this analysis.   

 The goal of this investigation is evaluate whether the submersible dives can be 

linked to the bathymetry and backscatter data for the purpose of establishing training 

sites.   Once identified, those regions in the backscatter imagery can be interpreted 

and used to guide an analysis of seafloor texture.  In the following subsections a 

description of the methods used to interpret the habitat regions from the submersible 

dives will be presented, along with the textural classification of the backscatter 

imagery in the region of the two dives.    
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7.2 Submersible Groundtruthing 

 The two dives on Nehalem Bank used in this study were conducted using the 

manned submersible Delta in 1994, for the exploration of geological faults.  The 

dives were both video recorded with a fixed external camera and audio recorded 

using a tape recorder.  While the widows of observation in the submersible 

encompass a 180 degree field of view, only the habitats on the starboard side are 

recorded as the external camera is positioned on the bow, starboard side of the of the 

submersible.  In the course of a dive the submersible would typically glide along the 

bottom, positioning the camera approximately 1m above the bottom so that the 

observations of the seafloor would be made while looking at a an area of constant 

size.   

 The dives were interpreted for habitat type by a single observer (Strom, 2006), 

following the methods used for groundtruthing in previous studies on the Oregon 

continental margin (Stein, 1992; Hixon et al., 2001; Nasby-Lucas et al., 2002, 

Whitmire, 2003).   In general, the dives were given a habitat code for each type of 

substrate observed (see Table 1 for a list and description of each type) if the substrate 

patch persisted for a time period of at least 10 seconds.  Two codes were recorded per 

habitat region with the primary habitat type occurring in over 50% of the field of 

view, and a secondary habitat type being recorded if present in at least 20% of the 

region.   
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Table 10.  Submersible groundtruthing habitat codes (adapted from Hixon et al., 2001) 

Habitat 
Code 

Description Criteria 

U Low relief 
unconsolidated 
sediment with 
indeterminate grain 
size 

Small particle size that could be 
anywhere in grain size from the 
finest mud to the coarsest sand 

M Low relief mud Small particle size, darker than 
sand 

S Low relief sand Small particle size, lighter than 
mud 

P Moderate relief 
pebbles 

>= 2cm & < 6.5 cm  

C Moderate relief 
cobbles 

>= 6cm & < 25.5 cm 

B  Moderate relief 
boulders 

>= 25.5 cm & < 3 m 

F Moderate relief rocky 
areas 

< 3m relief, substrate angle < 30 
degrees 

R High relief rocky areas >= 3m relief, substrate angle >= 
30 & < 60 degrees 

T Vertical to near-
vertical relief rocks 
and pinnacle 

>= 3m relief, substrate angle >= 
60 degrees 

XX Habitat could not be 
identified  

Sampling, Sub too far from the 
seafloor, visibility too poor to 
identify habitats.   

 

 While the submersible was traversing the seafloor, its navigation was being 

tracked and georeferenced using the Trackpoint II Ultrashort baseline underwater 

navigation system, which gave range and bearing to the submersible from the GPS 

navigated vessel.  Using the navigation fixes and the time of each habitat segment the 

dives were converted to ArcGIS shapefiles and overlaid on the bathymetry and 

backscatter data.  See Figure 27 for a view of the geographical position of the 

groundtruthing dives, and Figure 28 and 29 for a view of the dives overlaid on the 

backscatter imagery.  The areas immediately adjacent to the dive transects were then 

used for the selection of training areas for signature generation in the textural analysis 

classification.   



  

73

Figure 27.  Dive locations on Nehalem Bank (NURP Program Funded).  The dives are 
displayed on the hillshaded bathymetry.  Both dives begin in the west and travel east.   
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Figure 28.  Dive 3430 interpreted habitats overlaid on the backscatter imagery.  The grid 
lines represent 1km2 areas, with the center square having a grid resolution of 2m 
compared to the surrounding areas which have a resolution of 5m.  See Table 10 for key 
to habitat codes.     
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Figure 29. Dive 3431 interpreted habitats overlaid on the backscatter imagery.  The grid 
lines represent 1km2 areas, with the center square having a grid resolution of 2m 
compared to the surrounding areas which have a resolution of 5m.  See Table 10 for key 
to habitat codes. 
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7.3 Textural Classification 

 The texture of an image results from the innate properties of the materials being 

imaged, with each surface represented by a characteristic structural arrangement of 

varying tones of gray.  Texture can easily be described by human observers using 

many terms such as: fine, coarse, smooth, irregular, rippled, and many more which 

can communicate important information about the image.  The quantification of 

texture using digital imaging techniques however, has proven a much more difficult 

task for the discrimination of features within a landscape.  Much of the early work 

using textural was done by Haralick et al. (1973) who showed that the use of Grey 

Level Co-occurrence Matrices (GLCM) is an efficient method to compute a variety of 

valuable statistical indices.  Textural analysis has been used with some success in 

previous studies of sidescan and backscatter imagery, with the most successful 

indices for the discrimination of seafloor substrates being homogeneity and entropy 

(Reed & Hussong, 1989; Diaz, 1999; Cochrane & Lafferty, 2002; Huvenne et al., 

2002).  In those studies the indices of homogeneity and entropy were used in seafloor 

habitats to identify features on the landscape that were otherwise impossible to see 

because of a variation in grey level.  What makes this technique useful for the field of 

sonar remote sensing is that the GLCM’s do not depend upon the absolute grey level 

values, which are highly dependant on system frequency, gain changes, radiation 

pattern and other factors discussed above, only their arrangement and relative value in 

space (Diaz, 1999).   

 In textural analysis the positional information in an image is described by a set of 

co-occurrence matrices which evaluate the frequency of specific grey tones falling 

within a certain distance and direction of a pixel within a region of interest.  The 

GLCM function counts the number of times a pixel with a value (i) neighbors a pixel 

of value (j) at a certain lag distance (d) away, and at a certain angle (θ).  See Figure 30 

for a view of a GLCM and example kernel window.  Because the GLCM function 

measures the distance and frequency for one distance and direction at a time, it is run 

multiple times at the angles and distances of interest.  In order to reduce the risk that 

the angle of ensonification will have an anisotropic effect on the data, the GLCM’s 
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are computed for the pixel neighborhood angles of 0, 45, 90, and 135 and then 

averaged.  This procedure was determined by following the methods of Reed and 

Hussong (1989) and Cochrane and Lafferty (2002).  As this method negates the 

directional influence, the only computational parameters left for the analyst to decide 

is the inter-pixel distance, the size of the analysis kernel, and the number of grey 

levels.  The size of the analysis window, or kernel, has varied by study with Diaz 

(1999), using 3 by 3, Cochrane and Lafferty (2002) using a 9 by 9, and others 

(Huvene et al., 2002) using kernels as large as 20 by 20.  In this study, the 

neighborhood analysis size chosen was 9 by 9, so on a 2m grid cell size each window 

analyzed was 18m on a side.   

 

 

Figure 30. GLCM Matrix example.  The array on the right was derived from the 
analysis of the window of imagery on the left using a lag distance of 1 and a direction 
of 0 (horizontal to the right).   

7.4 Methods   

 The Nehalem Bank data set was far too large to analyze in its entirety using the 

GLCM procedure, therefore only small 1km2 sections the data that were within the 
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region of dives were used.  To make the procedure easily repeatable the sections were 

based upon UTM coordinates, in the metric unit system.  The dimensions of each 

section of data that the submersible dives fell within were noted and used for the 

creation of those backscatter grids.  The backscatter analysis grids were gridded at a 

cell size of 2m, resulting in a very high-resolution image of backscatter data.   

 The image sections were then imported into Matlab for the derivation of entropy 

and homogeneity indices.  The homogeneity index was calculated using a 9 by 9 

kernel window, for the inter-pixel distances of 1, 2, 3, and 4 cells, and four angles 

mentioned above in section 6.4.1.  They were calculated using a Matlab script written 

for the purpose of connecting several functions already programmed into the Image 

Processing Toolbox of Matlab.    The entropy indexed grids were also calculated in 

the Processing Toolbox of Matlab using the Entropyfilt command.   Once the indexed 

entropy and homogeneity grids were created they were saved to an ASCII file format 

for conversion into ArcGIS raster grid formats.   See Appendix E. for a look at the 

scripts and command line text used for the creation of the above mentioned indices.   

 Once all of grids (entropy, homogeneity, and backscatter) were imported into 

ArcMap they were used in conjunction with the submersible dive groundtruthed 

habitats, to create signatures for use in a clustering algorithm.  The clustering 

algorithm places all of the values in a 3 dimensional feature space from which it 

defines clusters of feature vectors that are similar to each other.  To have a 

satisfactory division of the data point values there should be differentiation in the 

feature space between classes.  The clustering algorithm used was the maximum 

Likelihood algorithm of the Spatial Analyst Toolbox of ArcMap. 

7.4 Textural classification training sites  

 The training regions are shown overlaid on the dive transect and backscatter to 

show the regions that were used in the generation of the texture classes (Figures 31 

and 32).  The habitat interpretation codes were shown previously in Table 10.  As 

mentioned in chapter 6, the habitats were interpreted from the dive videos with a two 

letter code, the first letter representing the type of habitat that occupied more than 
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50% of the field of view.  The dive transects are symbolized using colors to represent 

the dominant habitat of each section based upon only the first letter of their 

designated habitat code.   

 For the first site, Dive 3430, the training regions were sited to encompass the 

classes of Rock, Mixed, and Unconsolidated (a mix of mud and sand) as they were 

the most prominent types of habitat present in the habitat interpretations.  The choice 

to use only three training classes was supported by the previous attempts at textural 

analysis by Cochrane (2002) and Diaz (1999).   

 In the case of dive 3431, there was not enough habitat interpreted in the Mixed 

group (includes all boulder, cobble, and pebble habitats) to create a Mixed substrate 

class for delineation using textural classification.  There was however two distinctly 

different rock regions that could be identified from both the backscatter imagery and 

dive video that are separated geographically.  The different rock types were used to 

create separate classes for textural analysis and can be viewed in Figure 32 as Rock 

and Rock2 classes.  The difference in rock types and their influence on the textural 

analysis will be discussed in section 8.4.   
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Figure 31. Dive 3430 interpreted habitats and training regions used to classify the 
images overlaid on the backscatter imagery.  The grid lines represent 1km2 areas, with 
the center square (the image area has a higher contrast because it was converted to an 8 
bit indexed format) having a higher grid resolution of 2m than the surrounding 5m 
imagery.   
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Figure 32. Dive 3431 interpreted habitats and training regions used to classify the 
images overlaid on the backscatter imagery.  The grid lines represent 1km2 areas, with 
the center square having a grid resolution of 2m.   
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7.5 Textural Analysis Results 

 The classification results for Dive 3430 and 3431 are shown in Figures 33 and 34.  

The resulting classification grid is displayed semi-transparently over the backscatter 

grid along with the dive transect.  Results from the textural classification were 

qualitatively analyzed based upon the fit of the classification to the dive habitat 

interpretations and training site regions.    

 The results for Dive 3430 indicate that the textural analysis worked well in this 

study area.  When evaluated in comparison to both the DEM and backscatter image, it 

is clear that the rock class honors the training sites from the dive transect while also 

picking out the ridges in the northern area of the analysis grid.  The Mixed class also 

honored the training site locations as well, highlighting the regions where the 

backscatter reflectance values were high.  Unlike the Rock and Mixed classes, the 

Mud class did not fully honor the training site region, although it did do a good job of 

picking out the smooth, dark areas of the image.  There were several instances in the 

resulting classification grid that sonar artifacts were classified, including the two 

vertical stripes prominent in the image.  The most prominent artifact in the classified 

image is the data gap in the center and it was classified as Mud, most likely a result of 

its smooth texture.  The other artifact obvious in the resulting image is the vertical 

nadir striping that is located in the center left of the image, classified incorrectly as 

Rock.   

 Unlike Dive 3430, dive 3431 textural classification did not successfully classify 

the image while honoring the training sites.  The texture of this image was classified 

using signatures created from three different classes, Sand and Rock and Rock2 to 

reflect the fact that there were two distinctly different rock regions in the imagery and 

dive habitat interpretations.  The resulting image did not honor the Sand training site 

classification as about half of the distance along-transect that was interpreted as sand 

was classified as Rock.  Another mis-classification present in this image can be seen 

as the northern portion of the scarp edge where a small strip was classified as Rock 

when it should have been in the Rock2 class.  It appears that the region was mis-
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classified because of the presence of the low grey level reflectance in that region 

resulting from the influence of a low grazing angle on the edge of the bank.  
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33.  Dive 3430Textural Classification Results.  The Rock, Mixed, and Mud regions of 
the image are shown along with the habitat interpretations from the dive observations.  
There are two vertical stripes in the image where the textural classification picked up 
sonar artifacts, including the nadir noise that was classified as Rock and the data gap 
that was classified as Mud.   
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Figure 34 Dive 3431 Textural Classification Results. The classified image results are 
displayed with 30% transparency over the backscatter image.  The two Rock categories 
were chosen to reflect the distinctly different rock regions in both the backscatter and 
video imagery.    
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Chapter 8. Discussion 

8.1 Data processing 

 The results of this work show that the EM300 multibeam sonar can be used in 

conjunction with post-acquisition processing to successfully image the seafloor at a 

resolution of 5m for depths less than 300m, with the possibility to image areas at a 

resolution of 2m in shallower regions.  The finished data products also show that 

while the corrections made for editing of spurious noise was successful, there is a 

need for techniques that can be used to successfully match areas of swath overlap and 

reduce the influence of nadir noise.  With the method of individual swath editing used 

to process the data, the true influence of nadir noise and swath overlap on the final 

grid could not be evaluated until viewing the areas from a regional perspective.  In 

future processing of similar data sets, the use of an editing technique where the 

analyst can evaluate multiple swath regions collectively would be helpful.   

 The final backscatter grid produced using the MBbackangle filter showed a large 

difference between the raw and processed grids, indicating that the technique was 

effective at reducing the grey level variations in both the along-track and across-track 

directions of a swath.    When viewed at the small scale it appears that the filter adds 

some striping to the data, caused by the moving window block of pings for each 

analysis step, but at the large scale the effects are noticeably reduced and it is hard to 

determine where it was applied.  The filter did not completely eliminate striping 

under the nadir of the ship (which cannot be completely removed, as there are no data 

there), nor did it fully reduce the angle of incidence effect, but it did reduce the 

variation enough so that the striping did not dominate the image or classification 

attempts.   

8.2 Topographic Classification Methods 

 In the local classification of Nehalem Bank two methods of topographic 

classification were used to characterize the seafloor habitats, both of which were 

qualitatively and quantitatively analyzed for their accuracy.  While each method had 

its strengths and weaknesses, the use of 3D visual interpretation facilitated the 
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comparison of both methods by the creation of a reference data set, and through the 

use of an error matrix quantitative assessments were completed.  Because both the 

BTM and SIM methods require user input as a means of guiding the classification 

procedure, neither is completely objective, and both are greatly influenced by the 

choice of scale in the analysis.   

 In the BTM tool, user input was required at two times including the decision of 

scales used to calculate the fine and broad scale BPI, and the separation of classes 

using the criteria established in the classification dictionary.  The choice of the fine 

and broad scale BPI was the most important factor input into this analysis method, 

and yet there was little guidance for the user on how to choose them.  If both of the 

BPI analysis scales chosen were appropriate for the landscape, then in general it was 

a relatively easy and objective process to use units of standard deviation to parse the 

classes in a decision tree. However, if one of the chosen BPI analysis scales was 

inappropriate for the characterization of features of interest in the landscape, then it 

caused errors in definition of those topographic classes irregardless of the criteria 

defined for class separation. Or if the dominant scales of features varied across the 

image, then the method breaks down.   The issue of scale then is the pivotal for the 

success of the BTM method highlighting the need for an understanding of the scale of 

features on the landscape that are important in the final classified image.  The results 

from the 1st attempt using the BTM tool resulted in a Kappa estimate value that 

indicated a poor level agreement.  However, when looking back at the error matrix for 

the BTM tool the confusion between the Narrow Depression and Crest Depression 

classes (1 and 4), and the Depression Gentle Slope and Open Shelf Slope classes (3 

and 10) indicates that there was confusion of class values based upon the broad scale 

definition of the zones.  Having the ability to critically evaluate the results from the 

BTM tool through the use of an error matrix technique was valuable for an iterative 

improvement based upon the parameters chosen for the classification model.   

 The SIM method also required user input at two points, however, in a less 

subjective manner than the BTM tool.  The first and most important source of input 

was the interpretation of point locations on the 3D landscape.  This was an important 
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source of data to use as a guide for the creation of class signatures, especially when 

groundtruthing data was not available to otherwise guide the classification.  The 

choice of spatial analysis layers was the other source of user input to this method and 

should be mentioned as one its strengths.  For the analysis of Nehalem Bank we used 

5 different BPI scales of analysis, including two at the broad scale (150 and 300m) 

and three at the fine scale (15, 25, and 50m).   Those layers were then compressed 

using the PCA analysis and used in conjunction with the other analysis layers by the 

clustering algorithm for delineating class types.  The results from the quantitative 

assessment indicated that a moderate level of agreement between the classified data 

and the reference data was achieved.  In the first iteration of the test this was expected 

however, because the points used as reference were the ones used to create the 

classes.   Though in this case it is important to note that not all of the reference points 

were honored, indicating a slightly different choice of break points in habitat regions 

was determined by the clustering algorithm.   

 Finally it is important to note that without the use of 3D visualization technology 

neither the SIM method of classification nor the quantitative analysis through the 

error matrix would be possible.  While it may be arguable how objective the 

determination of the reference data was, the potential uses of that data provide a 

means for the evaluation of different classification techniques when other sources of 

groundtruthing are not available.  A potential source of error or bias that should be 

mentioned as a factor in this and future investigations using point interpretations from 

3D environments is interpreter error.  In the process of interpreting the point locations 

there were several instances where points in similar topographic positions were 

placed in different classes either through error or a change in experience level.   

8.3 Textural classification  

 In the two examples of textural classification provided in Chapter 7, it was shown 

that the dive habitat interpretations could be successfully used as a groundtruthing 

source of information to identify regions in the backscatter imagery for further 

quantitative analysis.  For both dive sites the regions of interest on Nehalem Bank 
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were gridded to a cell size resolution of 2m, providing a high enough resolution so 

that the dive transects could be correctly sited on the landscape through the use of 3D 

visualization.  Once the citing of training regions was completed, the derivation of the 

homogeneity and entropy indices can be easily accomplished and a texturally 

classified image produced.  The results from the textural analysis were qualitatively 

evaluated and provided mixed results with the method working well in the case of 

Dive 3430 and somewhat poorly in the case of Dive 3431.  In the following 

paragraphs a discussion of the effects of sonar frequency on the imagery and textural 

analysis results will be provided in an attempt to explain the discrepancies in the 

results.   

 As mentioned in section 2.9 the intensity of the backscatter return depends upon 

the sonars angle of incidence to the seafloor, the seafloor roughness, and the seafloor 

hardness.  When looking at Dive 3430 with those factors in mind (See Figures 28 and 

31), the angle of incidence effect can be seen as regions of shadows from the rocky 

ridges in the central and eastern half of the image, as well as in the dark outline of the 

bank running almost vertically in the western portion of the image.  The other two 

factors, seafloor roughness and seafloor hardness, do not seem to be manifested 

anywhere in the imagery.  The textural classification results for Dive 3430 show that 

overall (See Figure 33), the different regions of the image are classified correctly.  

The textural classes of the image match the habitat interpretations in the western most 

portion being identified as Mud, while the areas of Mixed and Rock in the central and 

eastern areas of the image also seem to be correctly sited.  Those classified areas that 

are exceptions (not classified correctly) are likely caused by the grazing angle 

influence on the bank edge and the shadows on the imagery.  The other two major 

areas of error are due to the sonar artifacts from the nadir, and from a data gap which 

no amount of processing would have fixed.   

 While the classification of texture worked well for the Dive 3430 study site, it 

performed somewhat poorly in the Dive 3431 study site.  It is believed that this 

failure was due to a change in the geology of the region (Goldfinger, pers Comm) and 

the interaction of the sonar with the seafloor.  It is possible to image the subsurface of 
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the region with sonar if the frequency of the sonar is powerful enough and overlying 

material is soft.  In the following paragraphs both ideas will be addressed as to their 

influence on the resulting textural classification.   

 Figure 35 shows the geologic interpretation of the different regions along the dive 

transect where a change the age, structure, and type of rocky habitats is hypothesized.  

The lithologic differences could easily influence the reflective properties of the 

substrate by providing two different parent materials, one of which consists of an 

older, harder rock type in comparison to the other.  The presence of two different 

types of rock, which when eroded would physically influence the hardness and 

reflectivity of the substrates, thereby confusing the textures of the region by changing 

the reflective characteristics of similar habitats.    

 It is also possible that the sonar, because of it’s relatively low frequency of 

30Khz, effectively imaged the subsurface characteristics of the region, thereby 

causing a mismatch in the texture classes and habitat interpretations.  To evaluate this 

possibility the EM300 imagery was compared to the AMS 150Khz sidescan sonar 

imagery of the same region (Figure 36).  The sidescan data, which was much less 

likely to penetrate the seafloor, supports the dive habitat interpretation for the Sand 

habitat in the region off of the bank by showing a relatively uniform reflectivity.  In 

comparison, the EM300 data shows a sharp boundary in the reflectivity of the region, 

indicating that the same soft rock formation classified as Rock in Figure 36 was likely 

underlying the soft sediments imaged with the sidescan data.   

 There is another striking difference between the two images that can be seen in 

the region of high reflectivity at the base of the bank in the EM300 imagery that is not 

present in the sidescan.  There is a similar region of high reflectivity present in the 

sidescan data, but that is due to the high grazing angle, and specular reflection from 

the face of the rocky bank.  One explanation for the high levels of reflectivity in the 

EM300 data is that there is a specular reflection from a subsurface talus deposit at the 

base of the bank that has been blanketed by a cover of soft sediment.  The wavelength 

of the EM300 was calculated to be ~ 5cm, or pebble size, which is consistent with 

observations in sediment pits along the dive transect in that region.  
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Figure 35.  Figure showing the influence of geology on the textural classification of 
Dive 3431.  The dive transect is overlaid on both the hillshaded bathymetry and the 
backscatter imagery (Transparent ~ 50%).  Two different types of source rock in the 
area could influence the signatures from both the Mud and Rock, causing confusion 
between the classes.   
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Figure 36.  A comparison of EM300 backscatter (left) and AMS 150 sidescan (right) 
imagery.  The figure presents the images from both a top down perspective in the upper 
windows, and from a 3D perspective in the lower windows.   
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8.4 The classification scheme for Nehalem Bank  

 While the classification methods used in this work show promise for the 

delineation of fine scale structures in benthic environments, the results from those 

methods do not fit within the current classification schemes for benthic habitats.  The 

terminology used to describe the seafloor topographic classes (Crests, Depressions, 

Flats, Slopes) does not provide a frame of reference for how those topographic 

structures relate to the other features within a landscape.  As such, the results from the 

topographic classification methods need to be modified with physiographic attribute 

terms to give each structure an environmental context, especially if the resulting 

topographic regions in order to play a role in determining which potential habitats are 

important for further benthic investigations.  The following paragraphs briefly 

describe the methods used to attribute the final classification grid using the surficial 

geological habitat classes used by Romsos (2004) following the definition of 

physiographic classes by Greene et al. (1999; 2005).    

 Once a final classification grid is produced with a desired level of accuracy 

achieved, the results will be adapted into Greene et al.’s (2005) physiographic 

classification scheme by intersecting the topographic classes with a polygon layer of 

the physiographic habitats created through interpretation.  A model of this process is 

shown in figure 37, and once applied will greatly improve upon the meaning of the 

final topographic class designations for use in other studies.    
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Figure 37. Model of the final classification scheme for Nehalem Bank.  This figure shows 
the interaction between the topographic classes created using the BTM tool and those 
delineated manually using interpretive classes following the scheme by Greene (2005).  
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Chapter 9. Conclusions 

9.1 Data processing 
 While it is possible to successfully image the seafloor with multibeam sonar 

systems, one must understand that the technology is not good enough to produce a 

map of the seafloor that is 100 percent accurate representation of the seafloor and that 

true accuracy for the local classifications cannot be directly assessed.  Multibeam data 

collection inherently smoothes topography, under-representing steeper slopes, an 

effect that cannot be corrected for globally without an extensive set of groundtruthing 

observations.  It is also vital to understand the limitations of the data set which result 

from a number of factors, including the frequency of sonar, the depth range of the 

survey, the speed of the survey vessel, and the environmental conditions during the 

survey.  Other artifacts introduced in data collection, include ray tracing and sound 

velocity effects, ship attitude errors, tidal errors, and positioning errors.  Those 

artifacts are minimized during post-processing, but never eliminated.  Many of the 

above mentioned artifacts manifest themselves in the intersecting swath areas and are 

therefore very hard to remove with an editing system based upon individual swaths.  

The development of better area editing software will make the processing much more 

effective, and the resulting images much more accurate depictions of the seafloor 

landscape.   

 This study has shown, however, that given all of the difficulties in correcting for 

the above mentioned effects, one can use the processed imagery quite effectively to 

produce seafloor classifications and interpret the structural geology of the regions 

through the intersection of bathymetric and backscatter readings.  As mentioned 

previously, the scale of the final images dictates the type of interpretation possible 

and in the case of Nehalem Bank a cell size resolution of 5m allows the interpretation 

at only megahabitat and mesohabitat scales.  Classification of the backscatter imagery 

at the smaller scale of 2 meters however, allowed some of the larger macrohabitat 

features like rock ridges, boulders and cobbles, and mud to be pulled out the imagery, 

though only in areas where submersible groundtruthing could guide the process.    
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9.2 General knowledge 

 Nehalem Bank was previously classified in Romsos (2004) as a region of Shelf 

Rock, surrounded by a region of Shelf Mud.  Due to the collection, processing, and 

interpretation of the multibeam data, that knowledge has been improved.  We now 

have the ability to differentiate between strike ridges and joints on the bank top, while 

also being able to see some of the megahabitat features on the adjacent slope.  The 

topographic information collected was used to produce a classified image of the 

different topographic habitats, while the analysis of backscatter imagery showed the 

importance of being able to interpret the structural geology of the seafloor.   What we 

know now from the interpretation of structural geology is that there are possibly three 

different exposed rock types in the Bank resulting from exposure of vertically layered 

rock types by folding and subsequent erosion.  Those include the mudstone and 

sandstone that make up the majority of habitat on the bank tops, a softer, younger 

rock (possibly siltstone) in the southern region of the bank, and an area of basaltic 

intrusion on the eastern edge of the bank.  In further studies of the Nehalem Bank, it 

will be important to identify what effect, if any, the rock types have on the benthic 

habitats.   

 Because the final results of this study will be used as a base map for further 

seafloor investigations, it can be used in a number of ways to satisfy the marine 

resource management needs of government, stakeholders, and the general public.  As 

such they may be used for fisheries management, education, and conservation efforts 

on the Oregon continental margin.   

9.3 Topographic Classifications 
 In the classification of seafloor topographic regions, both analysis methods used 

picked out areas where sonar artifacts influenced class value.  The most prominent 

errors in the classified images are due to nadir noise and swath overlap, and are 

located in the broad, flat areas surrounding the rocky banks.  It will be necessary to 

remove those areas manually for the final delineation of habitats in the Nehalem Bank 

region.   
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 The use of 3D visualization technologies in this study provided a couple of new 

methods for both the classification and evaluation of seafloor habitats.  The capability 

to view the intersection of a set of points on a 3D landscape at the same 

georeferenced position and resolution of the image allowed the creation of a data set 

which could be used for multiple purposes.  In one instance, the set of interpreted 

points were used to guide the creation of class signatures for use in a clustering 

algorithm, while in another instance it could be used as a reference data set to 

evaluate the performance of that, or another method.   

 While the use of the error matrices in this study was based upon its prior use in 

terrestrial remote sensing applications, its application to seafloor data was a novelty 

because of the purpose of its use, and the types of data incorporated.  In this study, the 

use of error matrices was to evaluate the fit of the seafloor classifications to the DEM 

they were derived from.  This is very different from the terrestrial use of comparing 

the classification of the pixel to what it really represents on land.  While the error 

matrices could be used in further studies of seafloor accuracy, where their use is 

analogous to those in terrestrial investigations, in this study the lack of groundtruthing 

at the needed resolution and accuracy precluded such use.  However, because seafloor 

classifications are commonly used to guide further exploration, it is necessary to have 

the best level of accuracy possible for the representation of sonar data in classified 

images.  For that reason, the 3D interpreted points, while not completely objective, 

served as a vital reference data set.  The ability to analyze the effectiveness of 

different class separations was very useful for providing feedback on the BTM model 

parameters, and will help to guide the next iteration of the classification.    

9.4 Textural Analysis 

 This work provided an attempt at using the backscatter imagery from an EM300 

multibeam sonar system to quantitatively delineate regions in sonar imagery based 

upon several statistical parameters.  The methods followed those established 

previously by Diaz (1999), and Cochrane and Lafferty (2002) in the use of grey level 

co-occurrence matrix derived quantitative indices of homogeneity and entropy to 
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delineate regions in the backscatter imagery.  The results from using EM300 

backscatter imagery show promise as the seafloor classes matched the backscatter and 

dive habitat interpretations in many instances.  As with the previous studies the sonar 

artifacts present backscatter data in the nadir regions, data gaps, and backscatter 

shadows precludes the use of textural analysis in those areas.   

 There were several unique results presented in this work that indicate potential 

future uses of textural classification when applied to backscatter imagery.  The first of 

which was the relatively successful delineation of two distinct types of rock texture 

within similar topographic habitat regions.  This was shown in the results from dive 

3431, where a younger, softer complex of rocks was delineated from an older, harder 

region indicating that that the reflectance characteristics of different types of rocks 

may have unique textural signatures.  The second unique finding from this study, also 

shown in the results from dive 3431, was the idea that the EM300 sonar system 

actually imaged subsurface features which were delineated using textural analysis.  

Both of those results provide areas of possibility for future research in the fields of 

both fisheries management and benthic ecology. 

9.5 Implications  

 One of the most important results from this study, but only mentioned briefly, is 

that the realization of how much we do not know about the region of Nehalem Bank 

and similar areas of importance for fish habitat.  While the density of data in this 

region is high compared to many other regions on the Oregon continental margin and 

slope, the extent of groundtruthing data in the region was not enough to determine 

with confidence the extent and type of substrate of habitat in the region.  A much 

higher density of groundtruthing information is needed to accurately delineate the 

extent of seafloor habitat regions.   

 The presence of the Nehalem Bank topographic classification and bathymetric 

data set will however, play a large role in the future investigations in benthic ecology 

by dictating the locations where the further exploration is needed.  For example, 

recent ecological work completed by Strom (2006), found that the deep sea coral 
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species were associated with high relief rocky habitats covered with a veneer of 

organics.  This type of work leads to further questions about the life history traits and 

environmental requirements needed for the survival of deep sea corals that could be 

addressed with studies designed using the classification and bathymetry products 

from this work.   

 With the production of this data set it will be also make it possible to study the 

other influences on benthic habitats besides the topographic position, including 

oceanographic factors, biological inputs and interactions in the environment, and 

water body characteristics.  There is also a need to further understand the influence of 

anthropogenic actions on the benthic environments, for example what are the impacts 

of fishing practices in this region.  The increase in the resolution of our knowledge in 

the Nehalem Bank region will allow us to better understand the ecosystems that 

support our natural resources.  One question that is worth investigating is “where 

have the impacts of an activity like trawling been concentrated in the region?”  Does 

the structural diversity of topographic habitats in the bank top region provide a 

natural refuge from those actions, and if so, what is the true population of fish in 

those areas? With a combination of data sets including bathymetry, topographic class, 

and interviews regarding current and historical fishing practices it may be possible to 

address that question from a management perspective.  Future decisions that could be 

influenced with such a data set include: the spatial zoning of the area for marine 

protected area or reserve placement, future industrial uses like the placement of 

pipelines, offshore aquaculture, and power facilities.    

9.6 Areas of further research 

 While this study has provided a view of two different methods for topographically 

classifying the landscape, it was also applied a unique use of 3D interpreted point in 

the GIS environment and error matrices to quantitatively evaluate the results.   There 

are several areas of this work that need further evaluation, the most important of 

which is the need for an objective way to determine the appropriate use of BPI scales 

for use in an area.  One of the biggest hurdles faced in this work was the need to 
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determine the BPI analysis scales that match all of the important features present 

within a landscape.  In the case of Nehalem Bank it could be argued that there were 

more than two scales of BPI needed to correctly delineate the features of interest 

within the bathymetric landscape.  In that case it is arguable that having only two 

scales of BPI intersected in the BTM method was a limiting factor, and may have 

resulted in confusion when it came to delineating and identifying the topographic 

classes.  One recommendation for further investigation is to objectively determine the 

dominant scales of features present within a study site.  If those could be determined a 

priory to using the image classification then it would speed up process.  Because the 

calculation and use of the BPI in this work was a crucial factor in delineating the 

topographic habitats, I would recommend its use in other areas.  One question that 

may be of relevance in benthic studies in particular is, “is there a common scale or set 

of scales that is most appropriate for use among study sites?” The use of the BTM 

tool in other geographic regions and investigations will help to answer that question.    

I would however recommend that the BTM tool needs to be adapted to be more 

flexible in the number of BPI indices used and the calculation of scale factors 

emphasized as the crucial factors in the final delineation of habitats.   
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Appendix A.  File Conversion Scripts  

A.1 To produce a UTM projected grid file(.grd) 
 #!/bin/csh 
#script to generate bathymetry grid of Thompson 2002 EM-300 Leg3north data 
# 
gmtset DEGREE_FORMAT 1 
unset noclobber 
# 
set MAP_REGION = -124.566632/-124.541731/45.82465/45.840733 
set FILE_LIST = Nehalem_N/Neh_N_datalist 
set OUTPUT_GRID = 
/home/gis5/projects/oregon_slope_habitat/bathymetry/grids/d3431_2m 
set GRID_RES = 2/0! 
set CLIPPING = 25 
set GRID_TYPE = 1 
set G_GWEIGHT = 1 
set TENSION = 0  
# 
        mbgrid -I$FILE_LIST -F$GRID_TYPE\ 
 -R$MAP_REGION -O$OUTPUT_GRID -E$GRID_RES  \ 
 -C$CLIPPING -W$G_GWEIGHT -T$TENSION -S2 -A2 -N -
U1000000000 -V 
#  
 
echo 'Processing finished' 
set noclobber 

  
 

A.2 Conversion from the NetCDF .grd format to ASCII  
Browse to the folder where the grid file is located and type the following 
command:   
 
Mbm_grd2arc –Ifilename.grd –Ofilename.asc –V  
 
Caveat: for this to work you must have pixels that are square (have the same cell 
size dimensions for both x and y, specified in the following line of the script 
above:   
 
set GRID_RES = 2/0!   
If you want to change the cell size, change the first numeric value.  The “!”  tells 
the computer to force the gridding program to output cells with equal side lengths.   
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Appendix B.  BTM Classification Dictionary Rules 
<ClassDict> 
 <PrjName>BTM Classification Dictionary</PrjName> 
 <PRJDescription>Criteria used to define seafloor topographic 
habitats on Nehalem Bank</PRJDescription> 
 <Classifications> 
  <ClassRec ID="1"> 
   <Class>1</Class> 
   <Zone>Narrow_Depression</Zone> 
   <SSB_LowerBounds></SSB_LowerBounds> 
   <SSB_UpperBounds>-144</SSB_UpperBounds> 
   <LSB_LowerBounds></LSB_LowerBounds> 
   <LSB_UpperBounds>-150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="2"> 
   <Class>2</Class> 
   <Zone>Dep_Local_Crest</Zone> 
   <SSB_LowerBounds></SSB_LowerBounds> 
   <SSB_UpperBounds>-144</SSB_UpperBounds> 
   <LSB_LowerBounds>150</LSB_LowerBounds> 
   <LSB_UpperBounds></LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="3"> 
   <Class>3</Class> 
   <Zone>Depression_Open_Bottom</Zone> 
   <SSB_LowerBounds></SSB_LowerBounds> 
   <SSB_UpperBounds>-144</SSB_UpperBounds> 
   <LSB_LowerBounds>-150</LSB_LowerBounds> 
   <LSB_UpperBounds>150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="4"> 
   <Class>4</Class> 
   <Zone>Crest_Depression</Zone> 
   <SSB_LowerBounds>140</SSB_LowerBounds> 
   <SSB_UpperBounds></SSB_UpperBounds> 
   <LSB_LowerBounds></LSB_LowerBounds> 
   <LSB_UpperBounds>-150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
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  </ClassRec> 
  <ClassRec ID="5"> 
   <Class>5</Class> 
   <Zone>Crest_Ridgetop</Zone> 
   <SSB_LowerBounds>140</SSB_LowerBounds> 
   <SSB_UpperBounds></SSB_UpperBounds> 
   <LSB_LowerBounds>150</LSB_LowerBounds> 
   <LSB_UpperBounds></LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="6"> 
   <Class>6</Class> 
   <Zone>Crest_Plateau</Zone> 
   <SSB_LowerBounds>140</SSB_LowerBounds> 
   <SSB_UpperBounds></SSB_UpperBounds> 
   <LSB_LowerBounds>-150</LSB_LowerBounds> 
   <LSB_UpperBounds>150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds>4</Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="7"> 
   <Class>7</Class> 
   <Zone>Crest_Hillslope</Zone> 
   <SSB_LowerBounds>140</SSB_LowerBounds> 
   <SSB_UpperBounds></SSB_UpperBounds> 
   <LSB_LowerBounds>-150</LSB_LowerBounds> 
   <LSB_UpperBounds>150</LSB_UpperBounds> 
   <Slope_LowerBounds>4.00000001</Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="8"> 
   <Class>8</Class> 
   <Zone>Open_slope_Depression</Zone> 
   <SSB_LowerBounds>-144</SSB_LowerBounds> 
   <SSB_UpperBounds>140</SSB_UpperBounds> 
   <LSB_LowerBounds></LSB_LowerBounds> 
   <LSB_UpperBounds>-150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="9"> 
   <Class>9</Class> 
   <Zone>Open_slope_Crest</Zone> 
   <SSB_LowerBounds>-144</SSB_LowerBounds> 
   <SSB_UpperBounds>140</SSB_UpperBounds> 
   <LSB_LowerBounds>150</LSB_LowerBounds> 
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   <LSB_UpperBounds></LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
  <ClassRec ID="10"> 
   <Class>10</Class> 
   <Zone>Open_shelf_Slope</Zone> 
   <SSB_LowerBounds>-144</SSB_LowerBounds> 
   <SSB_UpperBounds>140</SSB_UpperBounds> 
   <LSB_LowerBounds>-150</LSB_LowerBounds> 
   <LSB_UpperBounds>150</LSB_UpperBounds> 
   <Slope_LowerBounds></Slope_LowerBounds> 
   <Slope_UpperBounds></Slope_UpperBounds> 
   <Depth_LowerBounds></Depth_LowerBounds> 
   <Depth_UpperBounds></Depth_UpperBounds> 
  </ClassRec> 
 </Classifications></ClassDict> 
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Appendix C. Error Matrix Notation and Calculations 
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Appendix D.  Backscatter Filtering and Gridding Scripts 

D.1 Script to apply the MBbackangle filter 
#This script will calculate grazing angle lookup tables for each EM-300 .mb57 file   
#before they are applied to the data when processed in the MB System program, 
#mbprocess 
 
#!/bin/csh 
 
#Navigate to directory where the sonar data files are located 
cd /home/gis6/cruises/thompson02/em-300/leg3north/Nehalem_N/ 
 
# The following command applies the filter mbbackangle to each file individually 
 
mbbackangle -F57 -Iom02-0001_20020812_184914.mb57 -P50 -N161/80 –V 
mbbackangle -F57 -Iom02-0002_20020812_201509.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0003_20020812_202342.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0004_20020812_212004.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0005_20020812_213323.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0006_20020812_225423.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0007_20020812_230331.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0008_20020813_000318.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0009_20020813_001234.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0010_20020813_013152.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0011_20020813_014253.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0012_20020813_024002.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0013_20020813_025041.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0014_20020813_032650.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0015_20020813_044157.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0016_20020813_045121.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0017_20020813_055213.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0018_20020813_060200.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0019_20020813_071310.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0020_20020813_072142.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0021_20020813_082421.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0022_20020813_083515.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0023_20020813_095454.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0024_20020813_100543.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0025_20020813_110757.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0026_20020813_111701.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0027_20020813_123233.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0028_20020813_124053.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0029_20020813_133925.mb57 -P50 -N161/80 -V 
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mbbackangle -F57 -Iom02-0030_20020813_134806.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0031_20020813_150649.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0032_20020813_151520.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0033_20020813_161645.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0034_20020813_162551.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0035_20020813_174412.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0036_20020813_175047.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0037_20020813_185009.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0038_20020813_185810.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0039_20020813_185920.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0040_20020813_190122.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0041_20020813_202027.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0042_20020813_203106.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0043_20020813_213310.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0044_20020813_214401.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0045_20020813_230002.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0046_20020813_230858.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0047_20020814_000807.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0048_20020814_002925.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0049_20020814_014633.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0050_20020814_015544.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0051_20020814_025819.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0052_20020814_031707.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0053_20020814_043352.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0054_20020814_044021.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0055_20020814_055554.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0056_20020814_060543.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0057_20020814_072458.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0058_20020814_073351.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0060_20020814_080647.mb57 -P50 -N161/80 -V 
mbbackangle -F57 -Iom02-0061_20020814_083158.mb57 -P50 -N161/80 -V 
 
echo processing finished 
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D.2 Script to generate backscatter grid  
#!/bin/csh 
 
gmtset DEGREE_FORMAT 1 
unset noclobber 
# 
set MAP_REGION = -124.7/-124.5/45.8/46.0 
set FILE_LIST = Nehalem_N/Neh_N_datalist 
set OUTPUT_GRID = /datapath/filename 
set GRID_RES = 5/0! 
set CLIPPING = 100/2 
set GRID_TYPE = 2 
set G_GWEIGHT = 1 
set TENSION = 0  
set PROJECTION = UTM10N 
# 
        mbgrid -I$FILE_LIST -F$GRID_TYPE -J$PROJECTION\ 
 -R$MAP_REGION -O$OUTPUT_GRID -E$GRID_RES\  
 -C$CLIPPING -W$G_GWEIGHT -T$TENSION -S4 -A4 -M -N -U1000000 -V 
#  
 
echo 'Processing finished' 
set noclobber
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Appendix E.  Derivation of Textural Analysis Indices 

E.1 Creating an Entropy Index Grid  
1.  Draw a box around area of interest, and record the coordinates (I used an excel 
spreadsheet) of xmin,xmax, ymin, ymax.   
2.  The raster of interest (the most recent sidescan grid) was then clipped using 
Hawths raster tools, and specifying the extent previously recorded.   

 

 
 

3.  The clipped raster was converted to an .asc file using the conversion toolbox 
function Raster  ascii.   
 
4.  The file was then transferred to the Unix environment for the Matlab component 
functions using ftp.   
5.  Open Matlab and browse to directory where file was transferred.   
 
6.  In the directory browser window, select the file you transferred over and select 
import data from the file list (or right-click).  At this point the input function window 
should open with options to specify the number of header lines.  Specify the number 
that will make the input data a matrix with complete rows and columns (usually 6).  
NOTE:  Look at the matrix and note where there has been cell padding on the edges 



  

118

(-9999 values).  You will need to get rid of these for analysis, but add them back in 
when the data is brought back into Arc.   
 
Select Ok and import the data.   
 
7.  Double click on the imported data matrix in the workspace tab of Matlab to bring 
up the matrix editor.  View the data to make sure it looks okay, noting the position of 
the rows or columns you want to leave out of the analysis.   
 
8.  Create a new variable in matlab to hold your new matrix and assign it data 
specifying which rows and columns you want to keep.   
  

Ex) In this case we would want to leave out the last row, and the first column.   

   
  

The following statement would do it: 
 
 Ex) New_variable = data(1:6, 2:end); 
The colon specifies all value sequentially so the statement would read:  store the 
matrix values from rows 1 through 6 (leaving out seven), and columns 2 through the 
end.   
 
9.  Once the new matrix is created, it must be converted to an indexed grayscale 
image for the entropy analysis to function.  This is accomplished with the following 
command:   
 Ex) mat2gray(variable_name) 
 Ex)  data_gs  = mat2gray(data); 
 
10.  Now that the image is converted to an indexed image, you can use the 
entropyfilter command to analyze the grid.   
 Ex)  data_entropy = entropyfilt(data_gs); 
This command automatically defaults to using a 9*9 moving window around the 
image and returning an entropy value to the middle cell.   
 
11.  Once the entropy matrix is created and stored in variable, you need to add back in 
the cell padding which can be accomplished in the matrix editor ( double-click on the 

-9999 Val Val Val Val Val Val  Val Val 
-9999 Val Val Val Val Val Val Val Val 
-9999 Val Val Val Val Val Val  Val Val 
-9999 Val Val Val Val Val Val Val Val 
-9999 Val Val Val Val Val Val  Val Val 
-9999 Val Val Val Val Val Val Val Val 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
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matrix in the workspace window).  Adding rows and columns is as easy as right-click 
and insert) You can leave the padding values as zero’s.   
 
12.  Save the image to an ascii text file with the save command.  The save command 
must have the –ascii and –tabs parameters added for the correct formatting to occur.   
 
 Ex)  save new_entropyfile.txt variable_name –ascii –tabs 
 
This will save a copy of the matrix in an ascii, tab delineated file named 
new_entropyfile.txt in the current working directory.   
 
13.  Transfer the file back to the PC environment using ftp.   
 
14.  Open the .txt file in Wordpad, and open the original ascii file up in another 
Wordpad window.  Add the header from the original file back into the new .txt file.  
Replace all of the zero values with -9999 values that contains the same number of 
digits as the other values in the file.  Save the updated .txt file.   
 
15.  Import the .txt file into an Arc Raster format using the ArcToolbox Conversion 
Tools, ASCII  Raster tool.  
 
16.  Redefine the projection using the Define, or Project tool of ArcToolbox Data 
Management tools.   
 

E.2 Creating Homogeneity Indexed Grids 
Once the grids are brought into Matlab, with the -9999 cell padding values removed 
(as described in the Bringing Grids into Matlab), the matrixes can be analyzed for 
their homogeneity.  The process involves running the function nlfilter( ), on the image  
file and specifying the function that I have created and placed in the home/apps/how-
to/Matlab folder called "GLCM.m"( shown below in it's entirety).   
 
Alternatively, you can create small grids for textural classification directly by 
gridding them in the UTM projection from the unix environment with the MBGRID 
command using the script shown in Appendix A.  This method has the advantage of 
creating a grid that will not have any cell padding values.   
 
The first thing you have to do is create a handle to the function within the matlab 
workspace.  Type in the following:   
 
Ex)  fun = @GLCM; 
 
Then with a new image, and the there is a handle to the function GLCM, you call the 
function from within nlfilter.   
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working on Image "new_name"  assign a variable and define it: 
ex)   new_name_homogeneity = nlfilter(new_name, [9 9], fun); 
 
The nlfilter function then applies a neighborhood analysis on the image, using a 9 X 9 
kernal, creates the 16 GLCM's specified in the Offsets below,  
and returns the average of the homogeneity index values from the graycoprops 
function as the scalar value of your gridded image.   
 
It is possible to change the offsets in the function so as to specify only one offset, or 
only one direction to look, for the GLCM's.   

 

E.3 Grey Level Co-occurrence Matrix Calculation Script (Matlab) 
 

GLCM.m Function 
 
function B = GLCM(A) 
%this is a funtion to calculate the GLCM matrices and return the homogeneity index 
%value as a scalar.   
 
grd_name_gs = mat2gray(A); 
 % Converts the input grayscale image into an indexed image format 
 
% Specify Offset for the Gray Level Co-Occurence Matrices parameters 
offsets = [ 0 1; 0 2; 0 3; 0 4;... 
           -1 1; -2 2; -3 3; -4 4;... 
           -1 0; -2 0; -3 0; -4 0;... 
           -1 -1; -2 -2; -3 -3; -4 -4];  
%specify the offset parameters using the offset for four directions and four distances 
% call the Gray Level Co-occurence Matrix and store in a GLCM variable 
 
 Var_G = graycomatrix(grd_name_gs,'Offset',offsets);  
 % return the results of the Gray Levels Co-occurence Matrices using the 
 % graycoprops command.   
  
 Var_Stats = graycoprops(Var_G); 
 % Creates an array of all the indexes for each GLCM Matrix 
 % create a variable H for the new scalar to be output, and calculate that 
 % from the array of Homogeneity values using the mean of all 16 matrices 
  
%output the mean of the Homogeneity statistics as value B to be input back 
%as a scalar value in the image.   
 B = mean(Var_Stats.Homogeneity(:)); 
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