NAVAL
POSTGRADUATE
SCHOOL

MONTEREY, CALIFORNIA

THESIS

USING MULTI -ANGLE WORLDVIEW -2 IMAGERY TO
DETERMINE OCEAN DEPTH NEAR OAHU, HAWAII

by
KristaR. Lee
September 2012
Thesis Advisor: Richard C. Olsen
Second Reader: Fred A. Kruse

Approved for public release; distribution is unlimited




THIS PAGE INTENTIONALLY LEFT BLANK



REPORT DOCUMENTATION PAGE Form Approved OMB No. 076188

Pubic reportingburden for this collection of information is estimated to average 1 hour per response, including the time for revieugtigrinj
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the colfecti@tiai. Send
comments regarding this burden estimate or any other aspect of this collection of information, including suggestiominfpttrisdourden, td
Washington headquarters Services, Directorate for Information Operations and Reportsffé2ddhdDavis Highway, Suite 1204, Arlington, V,
222024302, and to the Office of Management and Budget, Paperwork Reduction ProjeeD{88)AVashington DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 2012 Masterds Thesi |
4. TITLE AND SUBTITLE Using Multi-Angle WorldView2 Imagery to 5. FUNDING NUMBERS

Determine Ocean Deptiear Oahu, Hawaii
6. AUTHOR(S) Krista R. Lee
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Postgraduatgchool REPORT NUMBER
Monterey, CA 93945000
9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
N/A AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES Theviews expressed in this thesis are those of the author and do not reflect the official

or position of the Department of Defense or the U.S. GovernniieBt.Protocol number N/A .
12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approvedfor public rekase; distribution is unlimited A

13. ABSTRACT (maximum 200words)

Multispectral imaging (MSI) data collected at multiple angles over shallow water provide analysts with a
perspective of bathymetry in coast al ar eaWw\V-2) serddil
acquired at 39 different view angles 30 July 2011 were used to determine the effect of acquisition angle on d
depth. The site used for this study was on the island of Oahu, focused on Kailua Bay (on the windward si|
island). Satellite azimuth and elevation for these datged from 18.8 to 185.8 degrees and 24.9 (forhaoking)
to 24.5 (backwardooking) degrees (respectively) with 90 degrees representing a nadir view. Bathymetr
derived directly from th&VV-2 radiance data using a baradio approach. Comparisarf results to LiDARderived
bathymetry showed that varying view angle impact the quality of the inferred bathymetry. Derived and re
bathymetry have a higher correlation as images are acquired closer to nadir. The band combination utilizéd]
derivation also has an effect on derived bathymetry. Four band combinations were compared, and the Blug
combination provided the best results.

14. SUBJECT TERMSWorldView-2, Multispectrallmagery Shallow Water Bathymetry, Depth 15. NUMBER OF
Determination, MultiAngle Remote Sensing PAGES
115
16. PRICE CODE
17. SECURITY 18. SECURITY 19. SECURITY 20. LIMITATION OF
CLASSIFICATION OF CLASSIFICATION OF THIS CLASSIFICATION OF ABSTRACT
REPORT PAGE ABSTRACT
Unclassified Unclassified Unclassified 9]V)
NSN 754001-280-5500 Standard Form 298 (Rev-&9)

Prescribed by ANSI Std. 2388



THIS PAGE INTENTIONALLY LEFT BLANK



Approved for public release; distribution is unlimited

USING MULTI -ANGLE WORLDVIEW -2 IMAGERY TO DETERMINE OCEAN
DEPTH NEAR OAHU, HAWAII

Krista R. Lee
Civilian, United StatetNavy
B.A., Universityof California, Santa Barbara008

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN REMOTE SENSING INTELLIGENCE

from the

NAVAL POSTGRADUATE SCHOOL

September 2012
Author: Krista R. Lee
Approved by: Dr. Richard C. Olsen

Thesis Advisor

Dr. Fred A. Kruse
Second Reader

Dr. Dan C. Boger
Chair, Department ofnformation Sciences



THIS PAGE INTENTIONALLY LEFT BLANK



ABSTRACT

Multispectral imaging (MSI) data collected at multiple angles over shallow water provide
analysts with a unique perspective of bathymetry in coastal areas. Observatiors/taken
DigitalGlob e 6 s Wo-2 (WYV/2)i sensor acquired at 39 different view angles on 30
July 2011were used to determine the effect of acquisition angle on derived depth. The
site used for this studwas on the island of Oahu, focad on Kailua Bay (on the
windward si@ of the island). Satellite azimuth and elevafiemnthese dataangel from

18.8 to 185.8degreesand 24.9 (forwardooking) to 245 (backwardlooking) degrees
(respectively) with 90 degrees representing a nadir vidathymetry werederived
directly from thewV-2 radiance data using a bamdio approach. Comparison of results

to LIDAR-derived bathymetrghowed that varying view anglampact the quality of the
inferred bathymetry Derived and reference bathymetry hawehigher comlation as
images are acquired closer to nadir. The band combination utilized for depth derivation
also has an effect aterived bathymetry. Four band combinations were compared, and

the Blue & Green combination provided the best results.
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l. INTRODUCTION

A. PURPOSE OF RESEARCH

Imagery data acquired from sais are widely useful in the field of
oceanography. These data contribute to a better understanding of the dynamics of ocean
circulation, are useful for monitoring climate change, can be used for navigation and
fisheries management, and are also helfgulimproving models of ocean circulation,

air-sea interaction, weather forecasting, and clim@éanford et al.2011]

Information abat shallow water bathymetry Iseneficialto scientists or groups
that require knowledge of ocean depths in a particotastallocation. The use of
multispectral imageryMSI) data has been shown to adequately deterrdepghs of
remote coastal areas, 8©und Navigation And Ranging (SONAR) Light Detection
And Ranging (iDAR) soundingor other bathymetric dataay not be availablprior to

arrival.

There are many benefits to using remote sensing data edduim satellites.
Spacéorne sensors can collect spectral data over extremely &sps which can be
advantageous to regions not accessible on fmofor areas denied by hostile forces.
Thesedata can also be acquired much more rapidly due to the number of space platforms
collecting on a regular basigzinally, improvements in ctdction capabilities steadily
grow as space platform production increas@sl sensor technologies evolv&his
capability is extremely valuable to the Navy and Marine Conpe® routinely conduct
and plan worldwide amphibious opecats. Coastlines arbighly dynamic environments
and mission success is dependgmin knowing the underwater terraifBeing able to
acquire bathymetry in a contested or denied region greatly improves the probability of
success for these amphibious operations.

The purpose fothis researclwas to integrate the use of multiptatelliteimage
acquisition angles over one location, and determine what rolewhgseg angleplay in

bathymetricdepth determination. Analyses of @8orldView-2 (WV-2) imagesacquired



over KailuaBay on the windward side of Oahu, Hawagre used taeacha conclusion

about the accuracy of bathymetric derivation from MSI.

B. SPECIFIC OBJECTIVES

The objective of this studwas to test the potential of bathymetric derivation
using W\£2 imagery acqued at multiple anglesand then report upon the role that

image acquisition angle plays in depth determination.

The motivation for this work originatiefrom the need to determine bathymetry
from only asinglespectral image ahe coastal regioiin queston. There is no guarantee
that this image will have been acquired at optimal viewing geonetggynadir. Without
sufficienttime to task a satellite and acqudataat a particular viemg angle before a
site visit, results from this researslkrive to provide a better understanding of how to
manipulate image daia orderto obtain a better understanding of bathymet#alysis
of multi-angle MSI data was used to quantify the effects of varying satellite acquisition

angle on accurate determinatidrbathymetry.



. BACKGROUND

This research focudeon the use of passive, optical remote sensing systems for
image acquisition. Passive sensors are those ¢haton incoming solar radiation to
illuminate the targets on lanahd in the watefCamachg 2006] Optical sensors are
those that focus on the visible (VIS), near infrared (NIR), and shortwave infrared (SWIR)
portions of the electromagnetic (EM) spectrum to observe radiation from targets
[Camachg 2006] The following sections will explain these principles in moreadeas
well as further discuss some issues that affect remote sensing of ocean envirocasnents

well as imagery acquired at multiple angles

A. PRINCIPLES OF RADIAT IVE TRANSFER

A remote sensing instrument sensor receives energy that is reflected from the
surface of the Earth. This energy is affected by interactions of light with the atmosphere
and water, as well as any particulate matteahawater columfiCamacho 2006} It is
imperative to understand the basics about the EM spectrum, radiation, the variety of

possible interactions, and line spectra.

1. Electromagnetic Spectrum

The EM spectrumsi a conglomeration of a number of classifiable spectral
regions. These include: gamma raystaxs, ultraviolet (UV) light, VIS light, IR light,
microwaves, and radio wav@sigure 1)[Olsen 2007]
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Figure 1. The Electromagnetic SpectrufaromJenserj2007)

This research focuses on the VIS awhlR portions of the spectrum, extending

from approximately 400 nm tdb®@ nm, and750 nm to 1000 nm (respectively).

2. Spectral Signatures

Single atoms or molecules emit light in the form of line spectra, and an atom that
is well isolated will radiate a discrete set of frequencies called a line spectrum. The
wavelengths radiated and absorbed are specific to that atom or molacdleare
presented as spectral signatures. These signatures are used to determine the composition
of radiating or absorbing gasasd other materialglsen 2007]



Spectral featuresuch as thosghown in Figure2 and 3 enable analysts taetter
differentiate betweematerials on the ground. Based gpecific values, peaks, and
troughs within the graph, one can determine the braskeup of a material within the
image.
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Figure 2. Hyperspectral Imagery ($1) provides more complete spectral signattines
MSI because there are a much larger number of bakibedo values for
different forms of algae and coral are shdwrom Maritorena et al[1994;
Camachd 2006)



Spectral Profile of Kailua Bay, Oahu, Hawaii
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Figure 3. MSI has spectral signatures that look less comgletepared ta1SI because

there are fewer bandspectra are taken from a scene used in this resaadchre
in nanometens

3. The Four Fundamental Energy Interactions withMatter

Electromagneticadiation may be transmitted, reflected, scattered, or absorbed.
The proportionsto which these interactions occur depend on the compositional and
physical properties of the medium, the wavelength or frequency of the incidenioradiat
and the angle at which the incident radiation strikes a suffaesry and Berlin 1992;
Olsen 2007]

a. Transmission

With transnission,shown in Figure4, incident radiation passes through
matter without measurable attenuatiddifferent densities of the material, however, can
cause radiation to be refracted or deflected from a strarghpath, and will also alter
the velocity and wavelength. The changn EM radiation velocity can be further

explained by the index of refraction, which is the ratio between the velocity of the EM



radiation in a vacuum (a perfectly transparent medium) and its velocity in a material

medium.

The index of refraction for a eaum is equal to 1, and can never be less
than 1 for any substangAvery and Berlin1992]

Mediom 1

Medium 2
Medium 1
Figure 4. Transmissior{After Avery and Berlirf1992)
b. Reflection

Reflection, or specular reflection, occurs when surfaces are smooth
relative to the wavelengths of incident radiatigfigure 5). Specular reflection, the
procesdy whichincident radiation bounces off the surface of a substanaesingleand
predictable direction, causes no change to either the Hidti@n velocity or wavelength
[Avery and Berlin1992]



Figure 5. Reflection(After Avery and Berlirf1992])

C. Scattering

Scattering, or diffuse reflection, takes place when incident radiation is
dispersed in unpredictable directionsScattering occurs when surfaces are rougher
relative to the wavelengths of incident radiatias shown in Figuré. The velocity and
wavelength ofEM waves however,are not affected by scatteriféwvery and Berlin
1992]

Figure 6. Scattering/After Avery and Berlirf1992)
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(1) Bidirectonal Reflectance Distribution Function (BRDF). The
Bidirectional Reflectance Distribution Function (BRDF) describes the scattering
characteristics of a material by describing how light from a source, incident on a target, is
reflected in a given directio In order to calculate BRDF, one looks at the ratio of the
energy scattered by the target in a particular direction, dependent on wavelength, over the
energy that was incident on the target from a particular direction. All combinations of
inbound and otbound energy directions are then integrated. BRDF is dependent on both
the angle of incidence and on the angle of reflectaAcrgles are defined in a Cartesian
coordinate system by a polar angl e, d, me a s
azimut hal angl e, ( ,axisEigused)[MeCodnndn0d0h t he X

L(0.9))

Figure 7. Reflectiongeometry used in theefinition of BRDF
(FromMcConnon2010)

d. Absorption

Absorption isthe process by which incident radiation is taken in by a
medium. This occurs when a substance is opaque to the incident radiation, a portion of
which is converted to internal heat energy, then emitted or reradiated at longer thermal

infrared wavelengthgFigure8) [Avery and Berlin1992]



Emission

>

Emission

Figure 8. Absorption(After Avery and Berlirf1992)

B. INTERACTIONS OF LIGH T WITH THE ATMOSPHER E

There arethreelimiting factors that the atmosphere introduces into the field of
remote sensing. Bse includatmospheric absorptipacatteringand turbulencgOlsen
2007] Atmospheric turbulencdoweverwill not be dscussedherebecause its impact is
greater for telescopes looking trom the eartithrough the atmosphere than for sensors
looking down. Also,tiis important to keep in mind that, overall, the atmosphere is more
transparent in the loagiave IR (100 to 1200 nm) than in theVIS spectrum 400 to 750
nm) [Olsen 2007]

1. Atmospheric Absorption

Atmospheric absorption is mainly dependent on wavelength, and is most affected
by water (between@ and 00 nm), carbon dioxide, and ozone (heafQ®m) [Olsen
2007] Even after sensor calibration has occurred, the shape of the measured spectra
relative to the underlying reflectance spectra are alteredubecaf atmospheric

absorption line$Eismann 2012] Common absorption spectra can be seen in Figure 9.
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Figure 9. The first four graphs show the absorption characteristics©f & and Q,
CO,, and HO, while the lattom graphic depicts the cumulative result of all these
constituents being in the atmosphere at one tfmemJenser{2007)

2. Atmospheric Scattering

Atmospheric scattering is primarily caused by collisitretween aerosols and
particulates like dust, fog, and smoke in the atmospf@isen 2007] There are two
main consequences of atmospheric scatteredyction of radiant energy and unwanted
gain inthe sensofMartin, 2004; Camachg 2006] Scattering can also be divided into
two types Rayleigh and Mie scattering. Rayleigh, or molecular, scattering is primarily
caused by oxygen anmdtrogen molecules, i.eparticles whose effective diameters are
less than the wavelengths of interest. As the size of the particle increases, the scattering
processes move towards Mie scattering. This type of scattering occurs when the diameter
of paricles is similar to the wavelengths of the energy being rad[@achache 2006;

Olsen 2007]
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3. Atmospheric Compensation for Spectral Imagery

The effects the atmosphere hasimecoming radiation reaching a remote sensing
sen®r results from a variety of processeSive possibilitiesare shown in Figuré0 [Kay

et al, 2009]

Digection p '\\ Duection of
of Sm p\' s throwgh detecton

NODOSH herg

r/./\ P \ Lsar yeaches detector
/ B/' ’ \
/ /' \
4 /D\lu -LIL\I
Al \ j
Bs .\ ‘||

E water-leaving
radiance

X

\
x| \
h‘d_)\_,l 4 v ’ sea surface

C h
water v

— A Single or multiple scattering in the atmosphere. by molecules or aerosols

— B Scattening from the atmosphere to the water surface and then reflection to the detector—often
termed “sky glint’

— C Reflecuon from whitecaps on the sea surface

—= D Specular reflection from water surface, with direct transmission through the atmosphere from
the sun to the surface and from the surface to the detector—this is termed “sun glint® in the

context of this review
— E Transmission through the atmosphere and mr-water interface followed by scattering or
reflecion below the water surface and transmussion back through the aimosphere 1o the

detector

Figure 10. Diagram showing routes by which light can reach a remote sensing detector
(FromKay et al.[2009)

Kay et al. [2009] assumes that if these five processes are predominantly

responsible for the sensweceived signal, #m:
Lsensm’: I—atm + TI—sky + TI—Whitecap"' TI—innt + TLwater (1)

whereT is the transmittance of the atmosphere along the sensor view direction. The path
Lam IS the radiance that arrives at the sensor via atmospheric paths (single or multiple
scattering in the atmosphere, by molecules or aerosols). @th®Lsky, Lwhitecap Lgiint,
and Lyater are the radiances just above the water surface for light itmgviey sky glint,

whitecap,sun glint and watedeaving routes. These terms depend on the wavelength,
12



along with other factors. The terlmaer cOntains the information about water column
and benthic features, and needs to be separated from the atieifténis information is

going to be retrievefKay et al, 2009]

C. INTERACTIONS OF LIGH T AND WATER

Optical oceanography is vital for addressing problems such as photosynthesis,
ecosystem dynamics, ocean headgvaterclarity, underwater imaging, biogeochemical
cycling, carbon budgets, uppecean thermodynamics, and climate chafigiekey et
al., 2011]

The simplest optical interactions occur at the boundary ofathsphere and
ocean, and are governed by Snell 6s | aw and t
model the very complex interactions between water molecules and other constituents,

radiativetransfer methods and precise measurements are refDiokey et al. 2011]

Optical remote sensing is an important tool utilized for monitoring marine
environments. Since light is readily absorbed by water, remote sensing is most
successful in places with veshallow, clear water, usually up to depths of 30 or possibly
40 neters Sea water contains dissolved and particulate mattéh varying
concentrations (both spatially and temporally) throughout the water cdliviabley,
1994;Camachg 2006] Optical properties of the water column can be divided into two
classed inherent optical properties (IOPs) and apparent optical properties (ASR&h
and Bakey 1981;Camachg 2006] These classes are further discussed in sectmns

follow.

1. Inherent Optical Properties (IOPs)

An optical property is inherent if idepend only upon the medium and
independent of the ambient lightld within that medium[Mobley, 1994; Camachg
2006] As light enters the water column, it interacts with particles and sediment, which
cause the incident light to be altered by scattering or absoftteymas and Stamnes
1999; Camachg 2006] It is thesescattering and absorption characteristitat define
IOPs of watefCamachg 2006]
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2. Apparent Optical Properties (AOPS)

An optical property is apparent if it is dependent on the medaswellasthe
directional structre of the ambient light field. Similar to IOPs, AOPs are also dependent
on the dissolved particles and sediment in the water column. Unlike I0Ps, however,
these properties cannot be measunesitu because thegiepend on themabient radiance
[Mobley, 1994;Camache 2006]

3. SunGlint Correction for Spectral Imagery

Sun glintis the specular reflection of light directly transmitted from the upper side
of the airwater interfacgKay et al, 2009] It typically forms bands of white along wave
edges on the windward side of nearshore enmemnis[Hedley et al. 2005] As itis a
serious confounding factor for remote sensing of water column properties and benthos,
researchers have spent a good deal of time creating and testing techniques to egtimate a
remove the glint radiar® component from imagenysun glint which is a function of sea
surface state, sun position, and viewing angle, occurs in imagery when the water surface
orientation is such that the sun is directly reflected toward the sefbercomponent of
sensofreceived radiance can be so high titabecomes impossible to retrieve any
information about the ocean environmghiay et al, 2009] Examples ofsun glint
appeaing in imageryare shown in igureslland 2.
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Figure 11. An example ofsun glinton theoc e a surfase(image captured by the
Geostationary Operati@ahEnvironmental SatellitéGOES on 2 December 2009)
(Fromhttp://rsd.gsfc.nasa.gov/goes/text/hotstuff.ptml

Summer Sunglint in the Sargasso Sea
dawns on Cuba and Florida

1200 GMT on 22 June 2000
GOES-West visible image

GOES project NASA-GSFC

Figure 12. Another example demonstrating the effecsh glinton the imager (image
captured by the GOES satellite on 22 June 2(B@m
http://rsd.gsfc.nasa.gov/goes/text/hotstuff.ntmi
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Sun glintcauses problems within the imagery domain. A case study performed
by Goodman et al[200§ reported that uncorrected glint in high resolution imagery led
to errors as large as 30% when measuring ocean démthairborne surveys, optimal
flight paths and directions can be chosen based on the time of day, but thiseis mor

difficult in the case of satellite imagei§oodman et a).2008]

Glint correction methods have been developed to improve image accuracy for two
main categories of water typespen ocean imagingnd higher resolution coastal and
aerial applicationsThe aim for both casestise samé to estimate the glint contribution
to the radiance reaching the sensor, and then subtract it from the receive{Ksygretl
al., 2009]

The set of methods utilized for coastal images is meant to be used with pixel sizes
of less than approximately 10 meters. Data fromNHe band are used as an indication
of the amount of glint in the received signal. The spectrum from eseaxftthe image
containing deep water is then used to establish the relationship between the NIR and glint
radiancegHochberg et al.2003;Hedley et al. 2005;Lyzenga et al.2006;Goodman et
al., 2008; Kay et al, 2009] The assumption of a linear relationship between NIR
brightness and the amount of sun glint in the VIS bands holds because the real index of
refradion is approximately equal for NIR and VIS wavelendifiebley, 1994; Hedley et
al., 2005]

When nosun glintis present, the radiance received by a satditii@e sensor is
dominated by atmospheric scatteringight from paths through the air constitute over
80% of received radiance, wafeaving paths make up approximately 15%, and
reflected light only 1 t®% [Sturm 1981;Kay et al, 2009] Sun glintcan increase the
reflected radiance by a factor of 2 or more, and the worst case glint can saturate the
sensor, making it impossible to retrieve the wigaving radiance for those pixdlkay
et al, 2009]

D. MULTI -ANGLE RESEARCH

Multi-angleremote sensingapabilities offer a number of advantages with respect

to a single shot dataset. Mudthgular data fusion has lmeghown to allow:
16



The exploitation/investigation of BRDF,
The extraction of digital height maps (DHMS)
Atmospheric parameter retrieval,

= =4 =4 =2

Classification improvement, etii?acifici et al, 2011

The implications of adding height data and mafigle MS reflectance,both
derived from the multangle sequence, to the textural, morphological, arettsy
information of a singléMS image ha been investigated byongbotham et a[2011]. It
was detemined that multiangle collections significantly increase the dimensionality of
the data available for a single targas well as allow for differentiation of classes not
typically well identified by a single imagéongbotham, Chaapel et aR011]

For the particulat.ongbotham et al[2011] studyreferred to herethe analyzed
data sequence was collected owdyan areas dhtlanta, GA in December 2009The full
dataset contained 27 images, with satellievation(the angle between the horizon and
satellite as viewed from the image target)low as 25 degrees, but the study only utilized
those images with a moderdter el at i ve t o t h eff-nada dtbeervhtiont e s c a
angle of less than 30 degseeThis left the group with 13 images between 57 degrees
(forward-looking) to 81.5 degrees (most nadir) to 59 degrees (backaakihg).
Results showed a 27% improvement in classification accuracy for spatial experiments,
and also a 14% improvement itassification accuracy for spectral experimenkgure
13 shows the ground observed azimuth and elevation ofAke2 satellite for each
image observation, as well as the azimuth and elevation of the sun during thengldti
sequence used for the resdg Longbotham, Chaapel et ak011] Further sections will
discuss why WV2 is capable of acquiring multingle imagery.
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180

Figure 13. Ground observed azimuth and elevation ofWié-2 satellite (black markers)
for each image observation as well as the azimuth and elevation of the sun
(yellow circle) during th009Atlanta, GA multtangle sequencacquisition
Azimuth is plotted angularly clockwise (North: O degs East: 90 deges
South: 180 deges West: 270 deges, and elevation is plotted radially from the
center (ground nadir: 90 dexps ground horizon: O dege9 (FromLongbotham,
Chaapel et al[2011)

There is significant impreement shown over the baseline classification when
using a multiangle W\£2 sequence. Iterms of spatial classificatiphongbotham et al.
[2011] successfully demonstrated the ability to differentiate between classes like bridges
and marmmade structureswhich are generally difficult to classify because they are
spectrally similar to grountkvel classes of the same mateflabngbotham et al.2011]
Improvements were also made in terms of spectral classifiGation group was able to
distinguish between classes that may prove to be valuable nusendassification, such
as moving versus parked vehicles. The ability to differentiate betweemadiyesimilar
classes such as paved parking lots andghbighways vere alsanade possible using the

multi-angle sequendé.ongbotham, Bleiler et gl2011]
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E. PREVIOUS WORK AT THE NAVAL POSTGRA DUATE SCHOOL
1. Work in Satellite Derived Bathymetry

a. Depth Analysis of Midway Atoll Using QuickBird MulBpectral
Imaging over Variable SubstratesGamachq 2006)

Camach0[2006] usedQuickBird MSI over Midway Atoll, Northwestern
Hawaiian Islandsn an attempt to angte depth and identify variable botteypes in
shallow water.The objective of this studyag to use an M#nage to categorize benthic
substrates based on spectral characteristics and ground truth data collediedWith
this image, a ratio of reflct ances (the Aratio methodo) w
separately over variable substrate$he motivation for this work originated from a
limitation pointed out by another Naval Postgraduate SchesldtstudenClark [2005,
whoseresults demonstrated that the ratio metpooved to be sensitive to bottom type.
The method produced shallower depths over bottom types with low albedo and deeper
depths over bottom types with high albedelark [2005] also noted that sun gliltad an
effect on the overall results. The maximum depth that could be obtained using the ratio
method was 15 metef€lark, 2005}

Camacho[2006] utilized methods by.yzenga[1978 and Stumpfet al.
[2003 to extract vater depth and bottom type informaticemd also usedhe ratio
method to retrieve accurate depths over variable bottom typed low-albedo
environments (respectiveljllyzenga1978;Stumpf et a).2003;Camache 2006]

b. Depth Derivation from the WorldView2 Satellite Using
Hyperspectral Imagry (Loomis, 2009)

Loomis[2009] created a simulation before W¥6s | aunch to det
the usefulness of the Yellow band for depth derivatiomomis[2009] utilized data from
the Airborne Visible/InfraRed Imaging Spectromet@VIRIS) sensorover Kaneote
Bay, Hawaii, and then proceskine imagery usinghe Stumpfet al.[2003 ratio method
to determine bathymetry. The Gre&rBlue, Yellow& Green, and Yellowk Blue band

combinations were compared to ground truth bathymetry derived from a digital nautical
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chart. Results indicated thase of the Yellow band improved the accuracy of derived

depths, especially in shallow waféoomis 2009]

C. Contributions to Remote Sensing of Shallow Water Depth with
the WorldView2 Yellow Band Kadden 2011J)

FollowingL o o n{R0®9P work, Madden[2011] analyzed bathymetry in
Tampa Bay Florideds s hal | ow waimaery UdleiYelow bahd was
combined separately with the Blue, Green, and Red bands, and then compared to the
more traditional Blu& Green and Gree& Red combinationsMa d d 42014 ]sesults
showed that the addition of the Yellow band provided more information about
bathymetry, but less sensitivity to bottom type in two of three transect lines used
[Madden 2011]

2. Work in Multi -ObservationImagery

a. Coastal Bathymetry Using -&olor Multispectral Satellite
Observation of Wave Motion\cCarthy, 2010)

McCarthy [2010] measured coastal bathymetry near Camp Pendleton in
California by using wave motion as observed by ARV After principal component
transforms were performed, successive change detection images contained both spatial
and temporalriformation Wave celerif could be determined and depth inversion was
performed. McCarthy[2010] measured the wavelength of a wave above a known depth,
and then used the wave period method to determine depth for other waves in the
propagation direction of that particular waveMcCarthy [2010] determined that the
spatial resolution for this method was higher and possibly more accurate than the
reference bathymetry useskpecially in the surf zori®icCarthy, 2010]

b. Coastal Bathynetry Using Satellite Observation in Support of
Intelligence Preparations of the EnvironmenMyrick, 2011)

Myrick [2011] followed Mc C a r {20 dwerk, and calculated water
depths using linear dispersion relationships for surface gravity waiasck [2011] was
able to establish depth profiles out toilbieteroffshore, as well as derive depths up to

15 meters Comparisons with United Statéxeological Survey(USGS) bathymetric
20



acquisitions from 2009 show agreement within 5% in the surf zone armitside of the
surf zong Myrick, 2011]

C. Automating Nearshore Bathymetry Extraction from Wave
Motion in Satellite Optical ImagerfMancini, 2012)

Mancini [2012] extracted nearshore depths for Waimanalo Bddawaii
from WV-2 optical imagery by means of automated wave kinematics bathymetry (WKB).
Two sets of three sequential images, acquired at approximately 10 second intervals, were
used. Depths from close to shore out to about 20 metess wlere generated
Comparisons to the Scanning Hydrographic Operational Airborne Lidar Survey
(SHOALS) LIDAR bathymetry values showed WKB depths were accurate to about 0.5
meters, with Rvalues of 90%, and were frequently in the range of 10% to 20% relative

error for dephs ranging from 2 to 16 metdtglancini, 2012]

d. High Spatial Resolution Bidirectional Reflectance Retrieval
Using Satellite DatalfjlcConnon 2010)

McConnon[2010] analyzedl5 WV-2 imagesacquired over Duck, North
Carolina and10 images ofPendleton, California to extraBRDF. Separation angles
between the inbound, solar zenith angle, and the outbound reflectance angle were
calculated. BRDF shifts across wavelengths and regions ofshi&®Is) were plotted

against the previously mentioned values and then exarfiit@@onnon 2010}
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lll.  DATA AND METHODS

A. DATA
1. Satellite Sensoy Study Site, and ImageryDataset
a. WorldView2 (WV-2)

WorldView-2, launchedon 8 October 2009 from VandenbergrAForce
Base i s Digital Gl obeb6s third operatliThemal sat e
sensor is in a nearly circular, sagpnchronous orbit, and flies at aaltitude of
approximately 770 ikometers(Table 1) At nadir, the best possible spatial resolution is
0.46 meters (panchromatiy and 1.84 maters(MS). What differentiates WA2 from
Digital GIl obeoés p r 9 spectoal randsoeerpanchromatici (BAN)i t s
ranging from approximately 450 to 800 nm (centered at 68 and 8 MS$ ranging
from approximately 400 to 1050 nffigure 14, Table 2) These MS bands include:
Coastal (centered at 427 nm), Blue (centered at 478 nm), Green (cent&vs] ran),
Yellow (centered at 608 nm), Red (centered at 659 nm), Red Edge (centered at 724 nm),
NIR-1 (centered at 831 nm), and NIR (centered at 908 nmjavailable at

http://www.digitalglobe.com/abouis/contentcollection#satellites&worldviev).

Table 1. WV-2 Design and Specificatior{gfter information available at
http://www.digitalglobe.com/abowuis/content
collection#satellites&worldview2)
Launch Information Date: October 8, 2009
Launch Site: Vandenberg AFB, CA, USA
Orbit Altitude: 770 km

Type: Sunsynchronous

Period: 100 minutes
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Sensor Resolution

Swath Width

Attitude Determination

and Control

Pointing Accuracy and
Knowledge
Retargeting Agility
Reuvisit Frequency (at
40 degeesN Latitude)
Geolocation Accuracy

Capacity

Panchromatic: 0.46 m GSD at nadir, 0.52 m GSD at 20

degeesoff-nadir

Multispectral: 1.85 m GSD at nadir, 2.07 m GSD at 20

degeesoff-nadir

16.4 km at nadir

3-axis stabilized

Actuators: Control Moment Gyros (CMGS)
Sensors: Star trackers, solid state IRU, GPS
Accuracy: <500 m at image start and stop
Knowledge: Supports geolocation accuracy below
Timeto Slew 200 km: 10 seconds

1.1 days at 1 m GSD or less

3.7 days at 20 degesoff-nadir or less (0.52 m GSD)
Demonstrated 3.5 m CE90 without ground control

1 million sq km peday
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WV02 Relative Spectral Radiance Response
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Figure 14. WV-26s relative spectral
(FromUpdike and Com[2010])
Table 2. WV-2 Sensor Band@After information available at
http://www.digitalglobe.com/abouts/content
collection#satellites&worldview2)
Band Band Width (nm)  Center Wavelength (nm)
Panchromatic 45071 800 632
Coastal 4007 450 427
Blue 4507 510 478
Green 5107 580 546
Yellow 58571 625 608
Red 63071 690 659
Red Edge 70571 745 724
NIR-1 77071 895 831
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NIR-2 860- 1040 908

The WV-2 systend 8 MS bandsarearranged in two arrays dfMS bands
each(MS1 and MS2) MS1 includes Blue, Green, Red, and NIRMS2 is comprised of
Coastal, Yellow, Red EdgandNIR-2. Imaging options are: PAN only, PAN + MS1,
and PAN + 8 MS (MS1 and MS2)There is a 0.3 seconeldy between MS1 and MS2
acquisitionsaccording to G. Miecznikugpublished dat®012).

When combined, these bands are designed to improve the segmentation
and classification of land and aquatic features beyond any other multispectral satellite
imager. After WV-26s | aunch, it was specudddtibneofl t hat t
the Coastal band would improve remote bathymetric measurements (mainly due to the
Coast al bandbés wavelength value, maki ng it
expected tdbe able to calculate depths up to 2@tens and possibly even 30 aters
using the Coastal, Blue, and Green ban@nce scientists were able to utilize W&/
imagery, the Coastal band has proven to be useful for the retrieval of water depth, true
color carection for human vision representation, chlorophyll absorption, and
atmospheric scattering correctipRacifici and Navulay 2011;Marchisio et al, 2011]
Also, with an average resit time of 1.1 daysindthe ability to utilizeoff-nadir pointing
WV-2 was expected to better monitor ocean environments, which are hyglalsnat and
constantly changing (information available at

http://www.satimagingcorp.com/media/pdf/Bathymetry Datas$ipdj.

Bi-directional scanning is supportegt WV-2. The onboard camera has a
standard maximum look angle of approximately 40 degreesaafit and can slew across
300 klometersof t he Earthoés surface in 9 -Bteconds.
collect dense image sequences of a single target from several observation angles as it

overflies an areflLongbotham et al2011]
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b. Kailua Bay, Oahu, Hawalii

This study focus& on one location on the windwdrside of the Oahu

coastline of Hawaii Kailua Bay(Figure1l5). The bay 6 s Iatpdelorgtudemat e
is:21 degrees 2406 290 N, Thish&ticularbeaghwas etwosert 46 09 0

because it was the least clounlyt ofthe 39WV-2 imagesn the acquired dataset

Figure 15. The Hawaiian Islands (left), focusing on Kailua Bay, Oahu (rifrym
Google Earth

Kailua Bay is a carbonate regdbminated embayment. There are two
categories of benthic substrate found hexeas of carbonate sand andsfbgeef
hardgrounds, and reef habitats of coral and algae species. There idla@aadchannel
at the center of the bay, which cuts across the reef and connects the seaward and

nearshore sand field®\lgaeand corals grow on the plaifisoun et al. 2003]

Areas wth sand and fossil reef appebght-colored and are highly
reflective in the WVW2 imagery. The coral and algae communities look dark and have

low reflectancdlsoun & al., 2003] Aerial images are shown in Figuré.1
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Figure 16. Oblique aerial imagery acquired over Kailua Bay on 10 November 2003 on a
Nikon Coolpix 5700 digital camera (settings and focus all automatad)a
Cessna plane flying at about 2,000 fggbm
http://www.soest.hawaii.edu/coasts/erosion/oahu/obliqug.php

C. Imagery Dataset

A collection of 39multispectralimages of the windward side of Oahu,
Hawaii wasacquired by the \rldView-2 satellite on 30 July 2011 betwe:22:8Z
and 21:28:54. Images were acquired at approximately 10 second intervals, covering
just over6 minutes(Figure I7). Section A of theAppendix contains a sample WX/

metadata file.
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Figure 17. Five examples out of the 39 W& image acquisition@abels are actual Image
IDs)

2. Bathymetry Data

Bathymetry data of Kailua Bay were acquired from the University of Hawaii at
Manoa, School of Ocean & Earth Science & Technalddgpartment of Geology and
Gemhysics (data are available at
http://www.soest.hawaii.edu/coasts/data/oahu/stidait and information about this
dataset is available ahttp://www.soest.hawaii.edu/coasts/data/readme.html#ghoals
According to theUniversity of Hawaiiwebsite, these bathymetry data were collected
from the SHOALS website, as part of a survey conducted in ZD®Ormation is
available at http://shoals.sam.usace.army.mil/hawaii/pages/Oahj.htm  After
investigating the origins of the dataset, howeved, dgtermining that these data were not
collected by SHOALS in 2000, it is now believed that the data were collected by USGS
circa 2002 to 2005 This information was provided bg. Fletcher(unpublished data,
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2012) Prior to the completion of this partlan project, there was no resolution

concerning the actual details about the dataset.

3. Software

a. Environment for Visualizing Images + Interactive Data
Language 4.8 ENVI 4.8 + IDL)

Environment for Visualizing Images (ENVI) 4.8 was the main software
program used for data analysis and manipulatiBMVI is an image processing software
system designed for multand hyperspectral data analysis and information extraction.
This software is written in the Interactive Data Language (IDL), a programmingagagu
that provides integrated image processing and display capaliResearch Systems,
2004;Camachg 2006]

ENVI was used to process the W/imagery. All image mosaicking,
spdial subsettingand chipping radiance calibratignand registration was performed in
ENVI. A number ofIDL prograns were written for each combination of twdVV-2
bands tested, and each incorporated a setdioreate masks for landlouds,whitecaps,
andglint, as well asapply a band ratio method for depth determinafsmeSection C of
the Appendix)

B. METHODS

A number of preprocessing steps were performed betoaéhymetric derivation
could occur. First, images were mosaicked and analyzedvésalb quality and cloud
cover. The next steps included map coordinataversion, radiance calibratipn
land/cloud mask creation, sun glint removal, and the application of a ratio method for

bathymetry derivation.

1. Bathymetry Derivation
a. Assess Dat&overage, Angles, and Quality

Before any data preparation steps occurred, images were assessed. It was
important to ensure that imagery were collected over the correct site, and that datasets did

not include any bad dataScenes were ordered by mean ldtgeelevation angle (from
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mostforward-looking, to mostnadir, to most backwardboking). Table 3andSection B

of theAppendixlist all 39 images acquired over Oahu
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Table 3.

List of WorldView-2 Images

Image firstLineTime
ID (2) meanSatEl | meanSatAz | meanOffNadirViewAngle | Azimuth | Zenith
1010 21:22:49 24.9 18.8 54.1 -161.2 125.9
1020 21:22:58 26.5 19.2 53.1 -160.8 126.9
1030 21:23:07 28.1 19.6 52.0 -160.4 | 1280
1040 21:23:16 29.8 20.1 50.8 -159.9 129.2
1050 21:23:25 31.7 20.6 49.5 -159.4 | 130.5
1060 21:23:34 33.7 21.2 48.0 -158.8 1320
1080 21:23:53 38.2 22.6 44.6 -157.4 | 1354
1090 21:24:02 40.8 235 42.6 -156.5 137.4
1100 21:24:12 43.7 24.6 40.3 -155.4 | 139.7
2010 21:24:21 46.7 26.0 37.8 -154 142.2
2020 21:24:31 50.1 27.6 35.1 -152.4 | 1449
2030 21:24:41 53.6 29.7 32.1 -150.3 147.9
2040 21:24:51 57.6 32.4 28.7 -147.6 151.3
2050 21:25:01 61.6 36.1 25.2 -143.9 154.8
2060 21:25:12 66.0 41.5 214 -138.5 158.6
2070 21:25:22 70.2 49.2 17.4 -130.8 162.3
2080 21:25:32 74.0 61.2 14.3 -118.8 165.7
2090 21:25:42 76.9 80.1 11.7 -99.9 168.3
2100 21:25:52 77.8 105.5 10.9 -74.5 169.1
3010 21:26:02 76.3 129.8 12.1 -50.2 167.9
3020 21:26:12 73.1 146.9 150 -33.1 1650
3030 21:26:23 69.0 157.9 18.6 -22.1 161.4
3040 21:26:33 64.8 164.7 22.2 -15.3 157.8
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Image firstLineTime

ID (2) meanSatEl | meanSatAz | meanOffNadirViewAngle | Azimuth | Zenith
3050 21:26:43 60.6 169.4 25.9 -10.6 154.1
3060 21:26:53 56.6 172.8 29.2 -7.2 150.8
3070 21:27:02 52.9 175.3 32.4 -4.7 147.6
3080 21:27:12 49.6 177.2 35.2 -2.8 144.8
3090 21:27:21 46.5 178.7 37.8 -1.3 142.2
3100 21:27:30 43.7 179.9 40.0 -0.1 1400
4010 21:27:39 41.1 180.9 42.2 0.9 137.8
4020 21:27:47 38.7 181.7 44.0 1.7 136.0
4030 21:27:56 36.5 182.5 45.7 2.5 134.3
4040 21:28:04 34.4 183.1 47.3 3.1 132.7
4050 21:28:13 32.5 183.7 48.7 3.7 131.3
4060 21:28:21 30.7 184.2 50.0 4.2 1300
4070 21:28:29 29.0 184.6 51.2 4.6 128.8
4080 21:28:38 27.4 1850 52.3 5.0 127.7
4090 21:28:46 25.9 185.4 53.3 5.4 126.7
4100 21:28:54 24.5 185.7 54.2 5.7 125.8
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b. Mosaic Data

Data files weredelivered insuch a way that scenes needed to be

mosaicked. Tis step wasperformedto be able tobetter view the entire coastline.

Spatial subsetting could then occur without worrying about areas that may not have full

coveragebecause the rest of the scene was diffarent file. Figure B shows example

images after mosaicking.

Most Forward-Looking Most Nadir Most Backward-Looking

(24.9 degrees) (77.8 degrees) (24.9 degrees)
Figure 18. Themostforwardlooking, nadir, andbackwardlookingimages

after datacoverageassessment andosaicking

C. Convert Map Projection

Level 1B (Basic)images were used, meaning that daémenot projected
to a plane using a map projection or datand needed to be converted toilersal
TransverseMercator (UTM) World Geodetic System 1984WGS-84), Zone 4N
(information is available at
http://www.digitalglobe.com/downloads/DigitalGlobe_1€olmagery Products_Guide.p
df). Pixelswere also made squar&igure B shows how the map projection conversion

affected the look of the imagery.
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Figure 19. Map projectionconversion from Geographic Latitude/Longitude (left)
to UTM, WGS84, Zone 4N(right)

d. Radiance Calibration

The WV-2 spectral radiance response is defined as the ratio of the number
of photeelectrons measured by the system, to the spectral radMhcE-sr-pm?] at a
certain wavelength present at the entrance to the telescope apeifithee.spectral
radiance response for each band is normalized by dividing by the maximum response
value for that band to arrive at a relative spectral radiance resfdpdike and Comp
20140.

Relative radiometric calibratiomnd correction are necessaryrhis is
because a uniform scene does not create a uniform iwiage it comes toaw digital
numbers (DNs). This type of correction minimizes image artifacts, such as vertical
streaks or bands due to differences in gainffseq and is performed on raw data from
all detectors in all bands during the early stages of-2Vproduct generation. The
products are linearly scaléd absolute spectral radianid¢pdike and Comp201qQ.

In the case ofdrge mosaics, radiometric balancing will help match the
brightness of thether scenes used in the mosHipdike and Comp201Q. As glint
removal is performed on images after the radiance calibration step, all imagdsfinare
radiancefor this research
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e. Subset Data

Images were subset tocus on Kailua BayFigure20). This was done to
reduce file size, emphasize a spot with interesting and variable bathymetry, as well as to

better concentrate on a specific location that had less cloud cover

Figure 20. The full scene (left) was chipped to focus on Kailua Bay (right)

f. Registation of Off-Nadir Images to the Most Nadir Image

All non-nadir images were registered to the most nadir imdageenty ie
points were interactively selected for the same locatioradl iaf the nonnadir images.
The data were then warped using a firgtes polynomial. Maximum pixel error for the
registrations was 1.52gixels with an averageoot mean squareRMS) error of about
0.8% pixels for the entire datasetimages were then +ehipped so that every scene
covered thesamegeographic coordinatesAll chips were redwsd to 995 samples and

999 lines. An example is shown in FigueA.
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1010 2010 2100 3100 4100

Figure 21. After registration gachimage(top) waschipped to the
995 x 999 pixebceneshown (bottom)

0. Land, Glint, Cloud, andWhitecapMasks

Application of spatialmasks for land, glint, cloud, and whitecap areas
allows analysis to be limited to only the areas and materials of interest. Masks were
determined by comparing scatter plots using the Blue and1NdBnds. Water regions

are those in the lower Igfortionof the scatter plot, as can be seen in Figure 22

2D Scatter Plot

NIR-1 Bl ———>

Blue Band

o N

Figure 22. The original image (left) has a corresponding scatter plot (middle); specific
sections of the plot are highlighted to show how they correspond to the image
(right)d red is mostly land, green is mostly wédaps and sun glint, and blue is
water
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The scatter plotclassified land, glint, clouds, and whitecaps as any pixels
with values greater than the ustafined poing chosen within the plot. Every other pixel
would, therefore, be considered not land, gloibuds, or whitecaps and would not be
maskedFigure B). Fi gur e 24 il |l ust r adfiredregmooaffecSthggur e 23
imagery.

?D Scatter Plot Used for Glmt Removol

NIE—-1 Band

Biue Band

Figure 23. 2D scatter plot of the Blue vs. NHBR bandsthe usemdefinedoutline
region includes pixels containing water, and everything else can generally be
classified as land, cloudglint, whitecaps, etc. (e.g., not water)
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Figure 24. Land, glint, clouds, and whitecaps have been masked in this image

h. Glint Removal

As discussed previouslyif the ocean surface is perfectly flat, the
reflection of the sun appears as a bright, small portion of the sea surface. If the ocean
surface is not flat due to stronger winds, however, parts of the water surface further from
the center of the sun glipattern will be at the required orientation to reflect sun light to
the viewer. Therefore, the sundés reflectio
and will be made up of many tiny highlights that each reflect from a particular point on
the suface from the sun. The brightness of each pixel equals the total brightness of all
highlights in that pixel and is, therefore, proportional to the fraction of the sea surface at
the right slopgKay et al, 2009]

If the sun and sensor are treated as a point source and detector for a given
viewing geometry, there is only one facet slope and orientation that is consistent with
specular reflection. The sun, in reality, has an angular diameter of 0.53 degrees, so there
is a range of possible slopes that can refl e
sensofKay et al, 2009]

Steps to remove glint were applied to the MW¥-2 bands that were the
focus of each version obde(Section C of théppendix) The method used was based
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on the methodrevised byHedley et al[2005] afterHochberg et al[2003]. Work by

Hedley et al[2005] establishes the linear relationship between NIR and VIS bands using

a linear regression bad on a sample of the image pixels. Over areas with underlying
spectral brightness, such as deep water, one or more regions with a range of sun glint are
selected. For each VIS band, all selected pixels are included in a linear regression of NIR
brightress (xaxis) against the VIS band brightnessagys). If the slope of this line for

bandi is b;, then all the pixels in the image can be deglinted in bdndapplying the

following equation:
RO= R T bi(Rur T Minyir) (2)

which meansreduce the pixel value in bandR,) by the product of regression slof®) (

and the difference between the pixel NIR vali®{) and the ambient NIR level
(Minyr). R Qs the sun glint corrected pixel brightness in band/inyr represents the

NIR brightness of a pixel with zero sun glint, and can be estimated by the minimum NIR
found in the regression sample or as the minimum NIR value found in the entire image
[Hedley et al.2005] Refer to Figure 2for a graphical interpretation of théedley et al.
[2005] method.

AN
R‘ _ : . -
i 7 ¥ pixel fo be deglinted
reflecionce
with aint R ISR~
omoved T $—— degiinted pixel
Ko =
3 ¥ el re’\gresson line
4 ; S { X : I I
g : 3/5/"(»( X siope = b;
0, p = X (\ . ‘
O ,/% sample
R Eree |
o
Q
g 0 T T >
0 Minnr Rur  NIR Band Value

Figure 25. Graphical interpretation of thdedley et al[2005] de-glinting method
(FromHedley et al[2005)
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The analysigncorporats the slope of theegression line. A simplified
example of the modified equatiarsed in the codeSgction C of theAppendix)is as

follows:

Green = GreenSlope of Green Regression LingNIR-11
MinNIR-1) (3)

Yellow = Yellow - Slope of Yellow Regression Lirte(NIR-2 1
MinNIR-2) (4)

There are, however, a number of differences betweeléudey et al[2005] method

and the one used for this research. This code utilized only two of the six possiile WV
VIS bands at a timelt also focused on the entire, global sceather than a small, local
portion (only deep water, for example). It also incorporated masking, which was not
used in theHedley et al[2005] researcliHedley et al. 2005] (refer toSection C of the
Appendix)

i Band Ratio to Determine Relative Bathymetry

A two-step process was used to derive bathymetry. Relative bathymetry
was determinethy performing a band ratio methoaind therderivedbathymetry values
were obtainedby regressing relative bathymetry vaduagainst verified depth dat be
further discussed in the upcoming sectionsCamacho[2006] calculated relative
bathymetry using the natural logansformed reflectance values of the deglinted
reflectance imagpCamachg 2006}

In(1000*b1)/IN(1000*b2) (5)

The relative bathymetric values this researchwere extracted using thillowing
expressionwith a slightadjustment to the constant valused byCamachd2006]:

In(100*b1)/In(100*b2) (6)

where W4 is the first band used, and b2 is the second. This is a modification of the
equation used bgtumpf et al[2003][Stumpf et a].2003]
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J- Comparison of Water Depths to LIDAR Bathymetry

The bathymetry dataf Kailua Bay were acquired in shapefile format.
They were then converted to a raster in the proper map projection, geographically linked
to the image chip, and then clipped to the 995 by 999 psieés These data were then

used as the Atrueo dat a.

K. Derived Bathymetry

Derived depth values were calculated by regressing the relative depth
values with the actual depth values collected dy e 1At r u e.0OThdéchi-sgnayeche t r vy
and correlation valuesvere additional IDL code outputdhat helgd determinethe
igoodnes @ lowef chifsquadred &alue is indicative of a better fit. Correlation

values are interpreted as percentages, so the highestetasentshe best fit.

2. Analyze Effects of Collection Geometry on Water Deptierivation

The effects of collection geometry on water depth derivation were analgyed
running all 39 images through thpocessing and analysis approach described above
Chi-squared and correlation values were recorded, and images of derived depth versus
act ual pihtpltots evére corepared. Resultsll be discussedfurther in the

following section.
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IV. RESULTS

A total of 39 bathymetric maps were generatexan the W\A2 data using the
previously described band ratio methodlhe accuraes of these maps were then
evduated usingii t r hathynetry data fronthe University of Hawaiat Manoa. The
final WV-2 derived bathymetry was produced by regressirgg riative bathymetry
values against the actudd t r baghgmetric measurement. The -shquared and
correlation vales were then compared to analyze effects of raoljie acquisitioron
depth derivation

A. BATHYMETRY FROM ENTI RE IMAGE

A total of 39 bathymetric maps from a W&/multi-angle sequencever Kailua
Bay, Oahu, Hawaivere generatedThe following banccombinations were analyzed:
1 Coastal & Blue,

i Coastal & Green,
i Blue & Green, and
q Green & Yellow.

Each band combinatiowas analyzed usinthe band ratio method to obtain relative

bat hymetry. These values wer e tddleshownr egr es s e

in Figure 5.
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Figure 26. ATrueo bathymetry data; depth is repres
water is red and deep watebiack

The results of the regression were the derived depth vallesse were scaled to
metersand plotted. Derived deptHgts from Image IDs 1010 (most forwalabking),
2010, 2100 (most nadir), 3100, and 4100 (most backieaidng) are shown in Figures
27 through31 for each band combinationAll images have the same scale, a range of
depths from O (red) tel8 (black) meers.
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Coastal & Blue  Coastal & Green  Blue & Green Green & Yellow

Figure 27. Derived depths for each band combination for Image {013t forward
looking)

Coastal & Blue  Coastal & Green Blue & Green Green & Yellow

Figure 28. Derived depths for each band combination for Image 2010

2100

Figure 29. Derived depths for each band combination for Image 2100 (most nadir)
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3100

Coastal & Blue

Coastal & Green Blue & Green Green & Yellow

Figure 30. Derived depths for each bandmbination for Image 3100

4100
|
U H t [4
Coastal & Blue Coastal & Green Blue & Green Green & Yellow
Figure 31. Derived depths for each band combination for Image 4100 (most baekward
looking)

It can be seen that none of thederived depth mapsome close to a perfect
correlation to the Atrueo batwithyamamberyof dat a.
factors, including high ofhadir acquisition angle and also cloud cover (seen as white,
masked data in Figur&® and31). Due to the fact that wave patterns can be seen in the
derived depth images, it is also speculated that a bditerrgmoval method may be

requiredin order to derive more accurate depths

Examination of these images shows that the Coastal & Green and Blue & Green
WV-2 band combinations tend to perform better. Also, derived depth nuselyc
mat c hes depfthas thietsensorisdacquiring images closer to nadir.
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B. VARIATION IN ACQUISI TION ANGLES

In order to better understand the effect of acquisition angle on depth
determination,plots of derived depth versusfirued depth for Image IDs1010 (most
forward-looking), 2010, 2100 (most nadir), 3100, and 4100 (most backiwakihg)
were created and comparedThe chisquared and correlation values of each were
determined and are displayéat Image ID 210Q/most nadir)in Figures 2 through35
(the rest can be located $ection D of the\ppendix)

2100: Coastal & Blue Derived vs. True Bathymetry

rTrrrrrria I rrTrrrrrri I rrrrrroriril I rTrrrrrria I rrTrrrrrri I rTrrrrrria
B Chi—squared: 3002999.1 J
-2 Correlation: . Q..d_-.SJ___ .
—~ =4 —
E
— i
a |
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-8 -7 -6 -5 -4 -3 -2
Derived Bathymetry {m)
Figure 32. Coastal & BlueDerived depth vsitrued depth for Image 2100 (most nadir)
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2100: Coastal & Green Derived vs. True Bathymetry

1 1 I 1 1 1 I 1 1 1 I
B Chi—squared: 2235671.4 J
9 Correlation: 0.665
o~ =t
E
— i
a i
L]
o
o i
d
-10 -8 -6 -4 -2
Derived Bathymetry {m)
Figure 33. Coastal & GreenDerived depth vsitrued depth for Image 2100 (most nadir)

48



2100: Blue & Green Derived vs. True Bathymetry
1 1 I 1

0 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1

B Chi—squared: 1930285.3 J

B Correlation: 0.703 .
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Figure 34. Blue & GreenDerived depth vditrued depth for Image 2100 (most nadir)
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2100: Green & Yellow Derived vs. True Bathymetry
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Figure 35. Green & Yellow:Derived depth vditrued depth for Image 2100 (most nadir)

Chi-squared and correlation values weadculated angblotted for each Image ID
(view angle)for all four band combinationsThese values repreddhe correlation of the
depth derived from the band combination ratios versusitthed depth(example values
are shown irSection E of théppendix) Results are depicted in FigureStBrough 3.
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Coastal & Blue Chi-Squared
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Coastal & Blue: Chsquaredtpp) and correlationk{ottom) values (yaxis)

plottedagainst the mean satellite elevation arfgtaxis) for all 39 W\{2 images
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Coastal & Green Chi-Squared
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Figure 37. Coastal & Green: Chsquaredtpp) and correlationk{ottom) values (yaxis)
plottedagainst the mean satellite elevation arfgtaxis) for all 39WV-2 images
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Blue & Green Chi-Squared
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Figure 38. Blue & Green: Chisquaredtpp) and correlationlfottom) values (yaxis)
plotted agaistthe mean satellite elevation ang@keaxis) for all 39 W\/2 images
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Green & Yellow Chi-Squared
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Figure 39. Green & Yellow: Chisquaredtpp) and correlationotton) values (yaxis)
plottedagainst the mean satellite elevation arfgtaxis) for all 39 W\/2 images

Although exact chisquared and correlation values depend oncthteff values
used in the 2D scatter plots for each band combinétédar to Figure 23), the trend was
the same after multiple rungzor all four band combinatias) the images acquired closer
to nadir had the lowest ckguared values and the highest correlations. The optimal

values were found when running the Blue &6&mn codewith a correlation value around
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71% The most erratic results came from the Green & Yellow codlkis may be

because the Yellow band did not penetrate as deeply into the water.

Low chisquared values are also sé&m Image IDs 4050 to 4100This is most
likely due to the fact that cloudsere entering the scene, being masked and, therefore,

leaving very little water from which to collespectrainformationfor depth derivation
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