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ABSTRACT

Worldview-2 spectral imagery acquired over Duck, Né@nd Pendleton, CA were
analyzed to extract Bidirectional Reflectance Distribution Functions (BRDF) for 8
spectral bands. Spectral data in the visible andin&ared bands were acquired for 15
azimuth/elevatio values during the Duck NC orbit pass; data were collected at ten
second intervals. Temages were acquired ov@endleton. Orthoready images were
coregistered using firgirder polynomials for the two image sequences. BRDF profiles
have been creatddr scene elements: vegéibn, asphalt, sand, and wateFhese data
allowed for unique higtspatial resolution BRDF profiles, which can be used to inform

terrain classification and target detection in satellite imagery.
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l. INTRODUCTION

Classical remote sensing systems have viewed the earth from a perspéutkie
has been limited to a single view, generally in a mmealir configuration. Of necessity,
variations in reflectance with illumination angle and view angleehbeen ignored.
LANDSAT is a classic illustration of this in Earth resource systems. Variations in
reflectance with angles are quantified by the BiDirectional Reflectance Distribution
Function, BRDHOr ev iTdt sed qiuant i t y orhAteryssettingsen meas
and is just starting to be observed from airborne and satellite sySatefites offer the
best way to make regular and frequent BRDF measurements on a large scale. With a
large number of observations, it is possible to accuratelyehtbd global BRDF.This
thesis addresses BRDF observations obtaioeer Duck, NC and Pendleton, CA,
utilizing successive images taken by the Worldvi2veommercial satellite imaging
system The advantages of Worldvie® over its predecessors are vagtiyproved
spectral and spatial resolution and a high revisit time, which serve to provide more data
points to the model. Thithesisdisplays the improvements in BRObservations on a

smallscale
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Il BACKGROUND

A. REMOTE SENSING

Remote sensing involves the collection of data from sensors, which are not in
direct contact with the object being observed. Platforms such as airplanes, buoys, and

satellites are ideal candidates for remote sensing instruments.

Radiometryis the field concerned with the measurement of the electromagnetic
spectrum. Radiometry deals in absolute power, unlike the field of photometry, which
measures brightness/intensity as perceived by the humarReygkometers are the most
common remote ssing instrument and are used to measure the radiant flux, or power, of
electromagnetic radiation. Common radiometry terms are explained in the next section

of this chapter.

Many products are derived from remote sensing instruments, and resolution
propertes can vary widely between acquired imagery. Spatial, spectral, radiometric, and
temporal resolution are limiting features of the specific instruments used to obtain

imagery.

Spati al resolution involves a ¢$soapnfsor 6s al
two objects viewed. In the remote sensing community, low spatial resolution is defined
as 30 m or greater, medium ranges fro804m, and high resolution imagery is less than

4 m. Excellent satellite imagery is currently on the order of 0.5 tespasolution.

Figure 1. Camp Randall Field, Madison, WI, Spatial Resolution of 30m, 10m, and
1m (Image: University of Wisconsin, Institute for Environmental Studies)
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Spectral resolution typically refers to the number of bands ovespibetral range
of measured frequencies. For example, if an instrument had only one spectral band over
the visible spectrum, a photon of red light (~700nm) observed by the instrument would
be indistinguishable from a measured photon of green light (~500ffanchromatic
imagers are an example of singland imagers. However, if an instrument had
numerous incremental bands, then the instrument could distinguish between the visible
colors. Multispectral imaging (MSI) and hyperspectral imaging (HSI) rédetise level
of spectral resolution. This concept is illustrate&igure 2.

RB: 183 P mbrml
Multispectral/

Al ' M "
ai Lomparison

Figure 2. Differences between Mulgpectral imagery and Hyperspectral imagery

Radiometric resolution is the number of different intensities the sensatetact.
Greater resolution allows for finer distinguishability between intensities. It is typically
limited by the available number of bits. For example, an eight digit binary string might
be capable of defining 256 shades of gray; however, thergnitictor on radiometric

resolution is often noise in the system.



The final type of resolution, temporal resolution, is a description of how often a
sensor can obtain imagery of a region of inte(@€1), also known as itgevisit time. It
is useful fo change detection in imagery. For example, deforestation studies do not
require a high temporal resolution, as change occurs over a long period of time, whereas

the intelligence community requires high temporal resolution as well as low.

B. PHYSICS OF LIGHT

While the term 6lightd may someti mes be
6l ightdé is a gener al term for al | waveleng
spectrum. The spectrum is illustratedFigure 3.The viside portion of the spectrum
refers to the wavelengths visible to the human eye, approximatelyGmDOmM. All
wavelengths/frequencies possess defining characteristics of intensity, polarization, and
phase, and where necessary, the author will refer to lereytbes by their general
category (i.e., visible, neamfrared (NIR), ultraviolet, etc.). The general definitions of

these categories are delineated able 1.

g 8 g 8
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Figure 3. The Electromagnetic Spectrum



Name Wavel ength (
Visible 0.38-0.75
Red 0.62-0.75
Orange 0.59-0.62
Yellow 0.57-0.59
Green 0.495- 0.57
Cyan 0.476- 0.495
Blue 0.451 0.475
Violet 0.3871 0.45
NIR 0.751 1.4
SWIR 1.47 3.0
MWIR 3.01 8.0
LWIR 8.01 15.0
FIR 14.07 1000

Table 1. Visible and Infrared Bands defined by Wavelength

1. Interactions with Matter

Light can be considered as radiated or irradiated. These terms refer to the source
and destination of energy. Radiation refers to the emission ofjyefidm an object,
while irradiation refers to the interaction of radiated energy upon a surface. A prime
exampl e of a radiator i's the Sun, whi |l e
energy, would be considered irradiated by the energy. Eheagoetic radiation
interacts with matter in one of four ways: scattering, transmission, absorption, and
reflection. How light behaves upon striking a medium depends upon the characteristics

of the medium, the angle of incidence, and the characteristine bght itself[1].
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Transmission Reflection |
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Emission

Figure 4. Electromagnetic Radiation Interactions with Maf&gr

Scattering does not change the energy of the electromagnetic wave but changes
the direction of the waveThe interaction causes the wave to be redirected in a myriad of
directions, maintaining wavelength, but with each resulting wave at a reduced intensity of

the original.

Transmission is the process of an energy wave passing through a medium. It is
dependenupon the properties of the medium the energy wave is passing from, properties
of the medium it is entering into, and the angle of incidence between the two.
Transmission desdvtie s how a wav e 0 s, raferepdea from the normal,i d e nc e,
is affected due to a velocity change caused by its passage from one medium to another. It
results in a velocity and direction change of the wave, called refraction. This concept can
beillustrated mathematically. Each medium has an intrinsic property, called an index of

refraction, d, whi@h is described in Equatio
7



h== 1)
\'

The index of refraction is the ratio of the veloaitfythe radiation in a vacuum, c, to the

velocity in a mediumy. As the engyy passes from one medium to the next, the

interaction is described by Snell s Law,
sing, v, n

The resul ting apwghickis asb referented monthe momali s d

)

Absorption occurs when the irradiated object does not allow transmission through
the material, but instead the energy is converted into internal heat that ise¢hgtied a

thermal radiation.

Specular eflection involves the bounce back of electromagnetic radiation by a
surface upon which the radiation is incident. The law of reflection defines a plane, the
plane of incidence, in which the incident wave, reflected waw,sarface normal lie.

This law assumes a smooth surface, which results in a specular reflection, and the angle
of incidence equals the angle of reflectance. The reflective nature of a surface is

summarized by the equation:
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Where aganvi s the velocity in a medium and
reflectivity of the airwater interface results in a valwé approximately 0.02, or 2%.
This means, 2% of the energy is reflected back and 98% of the energy is transmitted

through the water.
2. Solid Angle

Solid angles, quantified by the definition of steradians, are useful when describing
properties and behavio o f l i ght . A solid angl e, q,
subtend an area on the surface of a sphere, the area of which is equal to the area occupied
by an object. Mathematically, solid angles are defined by Equ@tjonThe concept is
illustrated byFigure 5.
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(4)

Figure 5. Solid angle, q

While a radian is defined inR, a steradian is aB concept. Steradian, meaning
solid radian, allows solid angles to be quantified. A steradidefisedon a sphere of
radius, R. It is the solid angle required to subtend an are# teqBa (A= R?. When
substituted into Equatiof#), the equation evaluates to 1.

/- Length=r
1

Area=r?2

(a) (b)

Figure 6. (a) Radian defied (b) Steradian defined

The surface ar e 3§ regafdlesa of he size ofehe bphere4 Utiizing
Equation(4), the solid angle of any sphere is calculated as



_4pR?

W=—0 pst] (5)

Calculating steradians removes the sphereo:
quantify the relative amount dhe sphere surrounding a point that is occupied by an
object when viewed from the center of the sphere. An object that obsharestire
region surrounding a point would be said to
that appears to cover only half offsrt he vi ew
Note that the steradian is a dimensionless quantity, and [shjertt er m &ést er adi a
included solely for clarity. For clarification, when an object subtends only a portion of a
given sphere, Equatidd) is rewrittenas

aw =2 (6)

3. Foreshortening

An understanding of foreshortening is necessary to understand the subtle

differences irradiometric terms. This concept is clearly explaineBigure 7.

Edge of coin

A sees the diameter of the coin in proportion
to the length of the blue line, whereas B sees
it in proportion to the length of the red line.

Further, A sees O

But B sees O

The foreshortening is in proportion to the
cosine of the angle with the normal
(next slide) B

1C



a=b*cos(0)

Figure 7. Foreshorteningg]

Foreshortening is a term frequently used in graphic design, and it describes how

an | mageobes wvaprpieeas amict h t he viewerods perspect
4. Irradiance

Irradiance is the flux per unit area onto a surface and is defined as

_dF 2
E—a [Wm™] (7

where 0 is the radiant flux, or power . It

directionality, typically power inbound to a surfddé.
5. Radiance

Radiant intensity describes the flux per unit solid angle fromirat pource into a
particular direction. It provides directional information but no spatial information, and it

is defined as

_dF 1
=gy Wsrl (8)

wheredq i s the el ement of solid angl eA4]. Radi ar
It is the flux per unit projected area per unit solid angle. As it deals with the amount of
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energy passing through a specific solid angle and onteeaniairequires the introduction
of the concept of foreshortening.
dF

L=——— [Wsr'm? 9
dWdAcosg W ] ®)
Manipulating Equation§7),(8), and(9)
dF
dF _ dA dE

L= — (10)
dWdAcosg cosg@W cos @V

Radiance is not identical across all wavelengths; therefore, a tereeded to describe

the differing quantity with respect to wavelength. Introduction of the term, spectral

radiance, L, allows for this differentiation.
6. Bidirectional Reflectance Distribution Function

The Bidirectional reflectance distribution function (BRDF) describes the
scattering characteristics of a material or object by describing how light from a source,
incident on a target, is reflected in a given direction. The BRDF equation is the ratio of
the energy scattered by the target in a particular direction, dependent upon wavelength,
over the energy that was incident on the target from a particular directionn@gjated
for all combinations of inbound and outbound energy directions (DF). BRDF is
dependent on both the angle of incidence and on the angle of reflectance. These angles
ae defined in a Cartesian coordinate syste
surface nor mal , and an azi rwid Alelgeometrygit e , a,

defined inFigure 8.
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Figure 8. Reflection Geomeyrused in the definition of the BRDF

Symbol | Name Unit
E .E Irradiance w
e
L L Radiance W
m?sr
L,L, Spectral radiance W
m’sr
f BRDF 1
Sr
Table 2. Units of Radionetric Terms

The BRDF equation ig}][5][6]:

fr(l a, |]f r

Here, dg i( &, i§dis the incident spctral irradianceand dL, ( e, Jiis the reflected
spectral radiancwith regards to wavelength. This equation assumes uniform irradiance
over a large area of a uniform, flat, and isotropic surface. Wavelendisrégadedto

simplify the equation. Now the equation is written in terms of the incident irradiance and

reflected radiance.

);&M [sr']

d& i(l ,q,

t(g, £ gy Il D o,

dE(qi, )
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Radiance, unlike irradiance, does not involve a surface, only energy at a point. This
allows it to interchangeably represent energy inbound or outbound. To elaborate,
radiance leaving a point, p, in the direction of a point, g, is the aama&diance arriving

at g from p. This concept allows the BRDF equation, Equdfid) to be put solely in
terms of radiance. The process is begun by nutating Equatior(10),

dE = Lcosgd V (13
Then Equatiorf13) is rewritten with the appropriate reference angles
dE(g, A=L(i,g)dbsid\ (14)
And substituted into Equatidi2)
diL(g., ¥ 1
fr iy f,- r g )F- Sr 1
(g aqr) (@, #cos «diN [sr] (19

Equation (15), another way of expressing the BRDF equatinow relates solely to

radiance.

7. Anisotropy

Anisotropy is the property of being directionally dependent. In contrast, an
isotropic surface displays propertyidenticaly in all directions. The study of BRDF is
concerned with the property of reflaoce. An example of an isotropic reflector is
unfinished wood, as it appears the same from all viewing angles, while finished wood
displays anisotropic reflection. The anisotropic nature of finished wood is displayed in

Figure 9.

Figure 9. Anisotropic nature of Finished Wood
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Most land surfaces are strongly anisotropic reflectors in the optical to thermal
wavelengths. The main source of this anisotropic nature is the-dimeasional
character of a surfaceShadowing and image obstruction are typical reasons an object
differs in its appearance when viewed from different angles. This manifests in changes in
surface radiance. An accurate BRDF is the appropriate method for capaming

expressinghis anigtropic nature.

Figure 10. Anisotropy of Natural Features. Top: Soybean Field, Bottom: Black
Spruce Forest, Left: &ksattering (sun behind observeRight:
forwardsc#tering (sun opposite observePhotograph by Don Deering.
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The images inFigure 10., were taken as part of the Goddard Space Flight
Centerds PARABOLA experi ment, and display nh
observer, causes a difference in the appearance of the object, illustrating its anisotropic
nature. Backscadting, when the sun is behind the observer, for example, causes a hot
spot effect, which hides all shadows. Forwardscattering, where the sun is opposite the

observer, shows effects such as specular reflection and increased shddphwing

C. GROUND-BASED SENSORS

Groundbased sensors are required to measure surface BRDF and validate the
results of the spadeorne sensors. Gonioreflectometers are a type of ground
measurement tools, while the PARABOLA is a unique system designed withi$ision

of surface BRDF measurements.

A gonioreflectometer, as the name implies, was designed to measure the angles of
incident and reflected light. It provides more control over measurements taken in situ as
it consists of a light source, the materialbe observed, and a sensor to measure the
reflected light. As BRDF is a fowdtimensionallydependent concept, the original
gonioreflectometer, proposed in Mursf@o | e man and Smithoés 1990
Journal of the llluminating Engineering Societypyided four degrees of mechanical
freedom. Gonioreflectometers have provided enormous amounts of data as they present a
way to accurately, though not expeditiously, measure the BRDF over a large combination

of angleq8].

The first major renovation to the original design was proposed by the Lawrence
Berkeley Laboratory in 1992. It differed from the original design as it incorporated a
hemispherical mirror and a figkye lens, which allowed for simultaneous measurement
of all angles of reflected energy at a given incident angle without movement of the
camera. Though a dramatic simplification of the BRDF measurement collection process,
the design was not without its own flaws, such as distortion caused by the fish eye lens

and unintended rdlumination of the sample.

16



Figure 11. MurrayCol eman and Smithoés Goniorefl ec

L

PCvin;:u
capture card +
4——7
Figure 12. Lawrence Berkeley Laboratf[ryds Goni
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Figure 13. Incidenceplane BRDF of rough aluminum surface for several incidence

anglgg, d

Figure 13.displays a sample of measurements taken from the results of a study
into automation of a threaxis goniorflectometer. The figure is taken from a full
hemispherical dataset. It displays a rise in the BRDF value when the incident angle and
the reflected angle coincid#0].

PARABOLA, the Portable Appartais or Rapid Acquisibns of Biirectional
Observations of Land and Atmosphei®a three channel, rotating head radiomet#r
has three detectorsyo silicon and one germanium solid statéth filters corresponitig
to the spectral band630/ 690, 760900, and 15501750 mn, respectively The twoaxis,
two-motor rotation of the head enables a r@anplete sampling of the entire sky/ground
spherewi t h a FOV of -rirute cycle itDneasures @2 azimushal and 37
elevation positions, generating radiance measungsrfer both the ground and sky. Its
primary purpose is to research the nature of BRDF and was designed to prefiettk in

verification of MISR data.
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Figure 14.

Portable Appartais or Rapid Acquisitions of Birectional Observations
of Land and Atmospher@®ARABOLA) Ground Sensdi 1]
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Figure 15. Reflectance values for multiple solar zenith angles in Red (Top) and

NIR (Bottom) bands of PARABOLA and Chéne b | anc 6 s
model are compared
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Experiments were done ithe forests in Saskatchewan, Canada, utilizing
PARABOLA. PARABOLA data was compared tesults calculated by geometric
optical model radiativéransfer model. A&igure 15.shows the model testesimulates
the measurementslosely, with the exception of at large view zenith angles on the

backscattering sidd.2].

D. SPACE-BORNE SENSORS: MULTI -ANGLE AND MULTIPLE ANGLE
SATELLITES

Satellites have long been used to make measurements Baitie The NASA
concept called the Earth Observing System (EOS) consists of a series of coordinated
polar and lowinclination satellites designed for global observations. Most of these
satellites are not in a position to make BRDF measurements, asethenally offer only
a nadir view. A small number of sensors have begun to offer routine multiple angle
views. The advent of IKONOS in 1999 allowed for significantratlir collection. This
raises issues on how to deal with-p#dir views in the analis of spectral data. These
satellites aid in atmospheric corrections as they make timely and successive, and in the
case of multangle, simultaneous measurements of the atmospheric aerosols which
informs and improves atmospheric modeljhg]. The use of crossack and alongrack
instruments counters the narrow field of view (FOV) argument and allows for an increase

in the range of angular observations that can be made.

Multi-angle satellites acquire multiple images of tlane object at differing
angles through the simultaneous employment of multiple sensors. These systems allow
for instantaneous sampling of BRDF. Multiple angle satellites acquire multiple images
of the same object at differing angles through use of dessggsor over a period of time.
MISR and POLDER are examples of mudtigle systems, while PROBA/CHRIS is a
multiple angle imager. MISR was originally launched aboard the Terra (EOS AM)
satellite. Images from mulaingle and multiple angle satellitese aadvantageous to the
study of BRDF as they can be used to validate models or be coupled with models to
provide a more accurate picture of BRDF.

20



1. Multi -angle Imaging SpectroRadiometer (MISR)

The Jet Propulsion Laboratory (JPL) designed MISR sensor which was
launched oiNASA6 s EOS fl agship satell IMSRhasdAiner r a, i n
cameras that simultaneously image the Earth at niserele angles. Cameras point
forward and aftward of the local vertical 26.1¢ 45.62 60.G¢ and 70.% , and at Nadi
MISR images in the blue, green, reddaneasinfrared spectral bands, and its spatial
resolution ranges from 1 km in its normal operating mode to 275 m in local Mi&&
is a pushbroom sensor, also called aosstrack imager, which means its
image is obtained through the motion of the satellite itself. The counter type, a
whiskbroom sensor or alosigack imager, acquires its images through the additional
sideto-side sweeping motion of the sengaig. MODIS]

The multrangle capability of MISR aids in furthering understanding of how
sunlight is scattered under varying conditioA$so, it provides information regarding
monthly, seasonal, and lotgrm trends different types of clouds, aerosol particles, and
surfaces. More specifically, it allowed for advanced study of the amount, type, and

source of aerosol particles; characteristics of clouds; and land cover distribution.

Height: 3.5 meters
Length: 6.8 meters
Weight: 5,190 kilograms

Power: 2,530 watts (average)
Instrument Data Rate: 18,545 kilobytes
per second (average)
Design Lifetime: 6 years

CERES

Figure 16. Terra Spacecraft with 5 ClimadMonitoring Sensors: MODIS, MISR,
ASTER, MOPITT, and ERES
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Figure 17. Multi-angle Imaging SpectroRadiometer (MISR) observes the Earth
simultaneously withnind i scr et e cameras from N70.5
bandg14]

Table 3. MISR Spectral Bands

Name Center Wavelength (nm
Blue 446
Green 558
Red 672
NIR 867

Numerous studies have been done into the use of MISR data in the mapping of
BRDF. The improved spatial resolution in local mode and the raunlgle viewing
capabilities have proven beneficial. In a study over the Queensland, Australia, the non

linear RahmasPinty-Verstraete (RPV) model and the linear Robsck Li-Sparse
22



Reciprocal (ResLi) model were compared using local mode MISR dathese models

are further explained in the next section.
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Figure 18. Mean and hot spot root mean squared error (RMSE) statistics displaying

accuracy of RPV and Ro$s model inversions

Finding the RPV model a Her fit, it was compared to the foliage projective
cover (FPC) and it was assessed that the resulting BRDF model were sufficient to map
the vegetation in the grassland and woodland region of the Southern Brigalow Belt. The
study concludes that the use lobcal MISR data removes the need to use complex
atmospheric radiative transfer algorithms (RTAs) within the scope of the limited
geographic regiol5]. It was proposed that MISR data could be used to improve the
BRDF and albedo pducts created by the Moderate Resolution Imaging
SpectroRadiometer (MODIS) instrument, also onboard the Terra satellite. Preliminary
work showed a reduction in bidirectional reflectance factors (BRF) by 10% in the red and

green, when compared to MOD&aly data[16].
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2. Pol arizati on and Directionality of
(POLDER)

POLDER was launched aboard the -synchronous, polaorbiting Advanced
Earth Observing Satellite (ADEOS) in August of 1996 and POLDER Il wasked on
ADEOQOS Il in December of 2002, which flew until 2003. ADEOS and its instruments
were also part of NASAG6s EOS mission. The
the study of BRDF measurements as they provided the first opportunity to sample the
BRDF of every point on Earth for viewing zenithcah es up to 60e for t h
range, at a spatial resolution of approximately 6 km. This was accomplished through the
use of a wide FOV lens and a rotating filter and polarizing wiig§{18].

The lens alloweddr a maxi mum FOV of 114e¢e¢, speci fi
N51e across track. The polarizing wheel r ot
in the visible and NIR in 4.9 seconds. The surface target was viewed up to 14 times
during the satellite werpass with various viewing angl&ver successive days, with the
assumption of cloudree days, orbital shifts allowed a sampling of the BRDF over the

whole instrument field of view.

4

Figure 19. Il lustration of the POLDEROGsdsr ot ati ng
are in the VNIR bands (&2=443, 490, 56414
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POLDER filled the polarized reflectance observation need. An additional benefit
of POLDER and ADEOS was that they did not operate solely -trask, as previous
satellites had.This allowed for less restrictive BRDF measurements. The processing of
POLDEROGOs data was i mproved as wel | . POLDER:
scattering and an improved atmospheric scattering model, which no longer relied on a
simple Lambertiarsurface. Analysis of the data in folleon reports [19][20][21]),

showed that the imaging systems captured the hosplospecular features well.

Tree Cover, broadleaved, evergreen_199701
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Figure 20. Sample BRDF product derived from the sphoene POLDER
i nstrument . The angul ar space, annot a
between the sun and the viewing direction. BRDF is at a maximum in the
backscatteringdirc t i on ( H and at p mihimuminthe forward
scattering Y[Rdection (G=180

As shown inFigure 20., BRDF is plotted for two wavelengths, 670 nm and 867
nm. The BRDF peaks when thensand viewing directions coincide. This is evident in
the principle plane displayed kFigure 21.
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Figure 21. Reflectance values for sample region, Tree cover, broadleaved,

evergreen, acquired by spaoerne POLDER instrumef2?2]

3. Compact High Resolution Imaging Spectrometer (CHRIS)

The European Space Agency (ESA) l-aunched
Board Aut on eclnhsatellitg iPZR@ B Ahe instrument provides large images,
13 km x 13 km at medium resolution, 17 m, in 13 narrow spectral bands. When
resolution is reduced to 34 m, it is capable of imaging in 62 spectral bands. The sensor is
deemed Omul ti pl e an ghagfourieactomwhsetsThesd reactorat el | it
wheels albw PROBA1 to slew alongrack, which gives CHRIS the ability to image a
site five times during a single pass, and actoask, which reduces its revisit time of a
ROI to less than a week. The high spatial resolution of CHRIS allowed for validation of

other spacéorne sensors such as POLDER, MODIS, and MISR.
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Figure 22. Compact High Resolution Imaging Spectrometer (CHR2S)

Research has suggested the usefulness of CHRIS in deriving leaf area indices
from BRDF modelinversion[24]. Additional research into the usefulness of automatic
land cover mapping products generated from CH#dB8ved BRDF data utilizing neural
network algorithms has proven promisif&p], and improvements to fitting the retrieved
CHRIS data have been proposed through the use of an atmospheric correction algorithm
specific for PROBA/CHRIS over lar@6].

Figure 23. displays reflectance data acquired by PROBA/CHRIS. It displays the
reflectance characteristics of four different regions over 5 different angles, with vegetated
areas depicted in the left two charts, and imade materials in the two charts on the
right. Thevegetation IR ledge can be clearly observed over all angles in the corn field.
The four charts illustrate the varying dependence of the materials on by Zignith
angle (FZA) the viewing angle The curves are also flatter across the -made
materids, indicating a lesser dependence on wavelength. The multiple angles plotted
reveal the dependence of the material on viewing angle. Each of the four regions display

different angledependency.
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Figure 23. Reflectance data derived from CHRIS/PROBA over a rafigenith
angleq25]

E. BRDF MODELS

Given the complex nature of measuring BRDF, approximations have been made
in the past through the use of models. These models have been extensively developed for
use in 3D graphics and naeling[27]. These models are also tools used by scientists to
improve the accuracy of calculations and to provide insight into affects seen in acquired
imagery. These models are constantly being updated as the coremuntiierstanding
of BRDF increases. Newer models are inherently more complex. Some attempt to
account for more variables, while others focus on better modeling smaller regions of
interest. The Lambertian model was among the first BRDF modéls.RPV ad Ross
Li models have been explained in the previous sectidbarranceSparrow and Oren

Nayar areotherfollow-on models that attempt to better model surface BRDFs.
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1. Lambertian Model

The Lambertian model is one of the earliest and simplest modelsas Iderived
by Johann Lambert in 1760. The Lambertian model assumes that the surface is perfectly
isotropic and therefore the apparent radiance is the same when viewed from any angle.
Rough surfaces are often approximated as Lambertian surfaces. rLantbs c osi ne | a
al so known as the cosine emission | aw or La
explanation for this postulation. It assumes that the radiant intensity, I, from an isotropic
reflector is directly proportional to the cosine of thelamg b et ween t he observ
sight and the surface normal. The radiance is constant because as the intensity is reduced
as the distance increases, so too does the observed areigiBee24. This model is
for a perfetly diffused object. It is often used to represent the diffuse element in newer,

more complex models. The BRDF of a Lambertian surface is a constant.

[ _ld0da
07 da,da,
__ITcoslE)dQdA
07 |da,cos(B)|dA,
dily
] dil, cosif)
dA

Figure 24. Explanation of L agmpresentstheobewesli ne Law.
radiance.

In an experiment done on Souffrican savanna vegetation,sesarchers found
that a leaf, when intact displayed specular reflection, but when crushed more closely
resembled a diffuse surface. As the particle size decreased with further crushing, the
BRDF of the leaf flattened toward a constant, displaying a BRDF of alraabertian
surface. This is displayed Fgure 25.
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Figure 25. Laboratorybased BRDF of whole,-4and 2mm cut poplar leaves at (a)
normal incidenceand 340nmcan ( b)) 67¢e i ncR8lence and
2. Rahman-Pinty-Verstraete Model
The semie mpi r i c al RPV model i's dependent on

described by the function:
rs(q, f; @ ;) w00*M( i, gKyE(Q) [1+R(G)] (16)
where rho0, the intensity of the surface reflectance, and k, the level of anisotropy of the
sur face, are empirical surfacreFgpandamet er s
influences the relative forward and backscattering. The model expresses the reflectance
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} s, in terms of illumination from a directi:

dr afRg. Gr
3. RossThick Li -Sparse Model

TheRossLi model is a linear, kernalriven model where BRDF is expressed as a
sum of theoreticalsc onstructed kernel functions, depen
vi ewi ng z eynand relatizenagirhugh, angldi, ,between the sun and viewer
planes. The equation describing the model is:

r@s ¢ y= a*f(squ 3 o f( s vq 17

The two kernels that make up tkeam represent singkcattering from a dense
leaf canopy () and sparse surface objects with geometpitcal mutual shadowing At
Also included are coefficients that represent isotropic, volumetric and geometric

reflectance @ &, and a [30].
4, Torrance-Sparrow Model

The TorranceSparrow model was created in 1967. It was one of the first models
to capture offspecular peak. It also introduced the geometric attenuation factor, G,

which allowed for masking and shadog[31][8].

As the model was based in geometrical op
simplified to consider light moving as a ray, vice the true wave nature of light. This
assumption requirebe size of the wavelength to be significantly smaller than the matter
it is interacting with. The model surface was made up of many microfaceted surfaces,
considered to be perfect specular reflectors, with differing normals. The normals
followed a Gausan probability distribution. The model assumed the diffuse element
was due to internal scattering and multiple microfacet reflections. The format of the
model 6s specul ar el ement was derived using |

the diffuse etment to achieve the end equation.

The model fit the data well, however, to do so, it was necessary to input several
constants. Its simplified physics and the necessity of these constants are the major

shortcomings of the model.
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(a) Reference image (b) Ashikhmin-Shirley (c) Cook-Torrance (d) Edwards
(PSNR=31.8419) (PSNR=31.1835) (PSNR=26.4502)

y = | A | A | LA

(e) Lawrence (f) Ward (g) Ward-Duer (h) Our Anisotropic
(PSNR=30.3722) (PSNR=22.2599) (PSNR=31.7116) (PSNR=32.1210)

Figure 26. Various BRDF models ptted against a Reference Im482]

A follow on model, the Coclorrance model was developed from the Torrance
Sparrow model, and offered improvement through the accountability of wavelength and
color shifting. Vaious models are plotted against a reference imagégure 26. The
CookTorrance model is depicted in part (c) of the figure. The intensity of the insets

represents disparity between the model and the reference image.
5. Oren-Nayar Model

This model is similar to the Torran@parrow model in that it uses a
microfaceted surface; however, it differs because it assumes these microfacets are
perfectly diffuse vice perfectly specular. The OMNayar model was created in 1993,
ard its main advantage was an improvement over the Lambertian technique for modeling
rough, diffuse surfaces. Lambertdéds model do
surfaces have varying normals across the surface and therefore foreshortening occurs
disproportionally between the intensity and area. This means the radiance is not held

constant as it is in the Lambertian mof84].
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Figure 27. OrenNayar Model for Rough Surfaces. Note the improved accurfacy o
the model over that of the Lambertian model.
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.  EXPERIMENTAL APPROAC H

A. PROBLEM DEFINITION

An area that has had limited reseaattention nvolves the accurate calculation
and modeling of bidirectional reflectee. The difficult and specific nature of the
calculations has driven researchers to labor to improve models to fit the limited amount
of data. The calculation of BRDF is extremely difficult because it requires individual
measurements of all combinatioofsdirection of incoming irradiance from a source and
the subsequent outgoing radiance from a target over a broad spectrum of wavelengths.
Measurements have been done in the field, which have provided precise information
regarding a few specific surfacegrom such measurements, models have been created,
which may provide a workable representation of the BRDF under similar conditions of
material and terrain. Tradeoffs are made in accuracy in an effort to simplify analysis, as
calculating BRDF for eachxeeriment would be tedious and time consuming. This is an
acceptable solution for some but a poor solution for othErgther work is needed in
finding a expeditious and cestfect method to retrievihe bidirectional reflectance over

a broad sectrumof wavelengthsangles and geography

The goal of this thesis is to illustrate thee of Worldview?2, specifically the
advantage provided by its contribution to the library of BRDF data, throughritsation

of high spatial resolution data eight wavelengths

B. EQUIPMENT

1. Worldview -2

The data for analysis was collected by the Worldvievsatellite. The
Worldview-2 satellite was launched by DigitalGlobe in 2009he addition of this

satellite added unique remote sensing capabilities that werspsly unavailable.
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Figure 28. Artist rendering of Worldview2 Satellite

Four spectralbands are typically provided in multispectral imagery. These
include bands in thered, green, blue and neafrared spectrum These bands are
provided by Worldview2 and byits predecessor, Quickbird, which is also a multispectral
imager. Worldview?2 differs because it is capable of imagingfanr new bands. A
visual and numerical definition of these bands is provideBignre 29.and Table 4.,
respectivel y. T h e f with wavelengthwmith @g#00450nm,c o ast a l
offers improved bathymetry, vegetation, and atmospheric correction study. The second
additionalband is a yellow bandyith a range 06851 625 nm, which aids in creating
true-color images and improves target characteristics important in vegetation analysis.
The third band is a reddge band. Imaging from 70B45 nm, this band is useful for
evaluating the health of vegetation and the pectida of chlorophyll. Finally,
Worldview-2 provides a second neafrared band, capable of viewing wavelengths from
860 1040nm. This bandrovides an overlap in the original neafrared band, and is

less susceptible to atmospheric effects.
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Figure 29. Worldview-2 Bands and Relative Spectral Radiance Response
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Table 4. The Spectral Bands of Worldvie®/[34]

Band | Center (nm)| Min (nm) Max (nm) Name

PAN | 632 464 801 Panchromatic
1 427 400 450 Coastal Blue
2 478 450 510 Blue

3 546 510 580 Green

4 608 585 625 Yellow

5 659 630 690 Red

6 724 705 745 RedEdge

7 831 770 895 NIR1

8 908 860 1040 NIR2

An additional benefit of Worldvie2 o v er Digital GIl obeos pr
imagery satellite, Quakbird, is improved spatial resolution. Worldvi&vprovides a

nominal 0.5 m panchromatic and 2.0 m multispectral imagery.

Panchromatic GSD (m) Multispectral GSD (m)
Satellite
Nadir Off-Nadir Nadir Off-Nadir
Quickbird 0.61 0.72 (25°) 2.44 2.88 (25°)
Worldview-1 0.50 0.55 (20°) N/A N/A
Worldview-2 0.46 0.52 (20°) 1.80 2.40 (20°)
Table5. Di gital Gl obe Satellitesd Panchromatic

Distance (GSD) Resolution

2. The Environment for Visualizing Images 4.7 (ENVF)

A number of different dols are available t@rocess and analyze geospatial
imagery Image processing done in support of this thesis was done using ITT Visual
| nf or mati on Ssofivare. The intégsmtecHntevattive Data Language (IDL)
software was utilized to processand analyze the 25 multispectral image products

received.

ENVI provides preprocessing software for Worldvidwmagery. This software
allows conversion of digital numbers, which relate relative brightness throughout the

image, into radiance. This @done with a known gain and offset correction, embedded
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within the imagery files. Alignment and spatial correction of the image is done through
use of ENVI6s mosaicking and registration t
Interest tool and the &pal Profile tool were also used to extract information from the

imagery. Further explanation of the employment of these tools is provided in the
Methodology chapter.

39



THIS PAGE INTENTIONALLY LEFT BLANK

40



V. METHODOLOGY

A. PRODUCT

Multi-angle data wre acquired as part ah experiment ind&thymetryderivation
obtained from observing wave moti¢8b]. Sites were chosen for advantageous access
and topography. The utility for our purposes was serendipitous. Two locations were
imaged: Pendleton, CA, and Duck, NThe latter site is advantageous for our work
because of very low relief, simplifying registration.

Imaging by Worldview2 was done over both locations on March 24, 2010. Ten
images were taken over Pendleton, CA, andvigs Buck, NC, by both the panchromatic
imager and the multispectral imagefhe multispectral data is the focus of analysis in
this thesis.
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Name Acquisition Time (GMT) | Mean Mean
Satellite Satellite
Azimuth Elevation
(deg) (deg)
1/P006 15:4135 57.9 46.9
2/P004 15:41:46 63.4 49.4
3/P005 15:41:57 69.8 51.6
4/P013 15:42:08 77 53.5
5/P009 15:42:18 85 54.9
6/P003 15:42:29 93.8 55.8
7/P008 15:42:40 102.9 56
8/P010 15:42:51 112 55.4
9/P012 15:43:01 120.4 54.3
10/P014 15:43:12 128.1 52.6
11/P001 15:43:22 134.8 50.6
12/P015 15:43:33 140.5 48.3
13/P011 15:43:43 145.3 46
14/P002 15:43:53 149.5 43.7
15/P007 15:44:03 153 41.3
Name Solar Solar Solar Zenith| Separation
Azimuth Elevation Angle (deg) | Angle (deg)
(deg) (deg)
1/P006 144.5 50.1 39.9 66.61301
2/P004 144.5 50.1 39.9 62.23531
3/P005 144.6 50.1 39.9 57.37138
4/P013 144.7 50.1 39.9 51.97498
5/P009 144.7 50.2 39.8 45.93798
6/P003 144.8 50.2 39.8 39.38992
7/P008 144.8 50.2 39.8 32.51828
8/P010 144.9 50.2 39.8 25.67801
9/P012 145 50.2 39.8 19.3063
10/P014 145 50.3 39.7 13.3248
11/P001 145.1 50.3 39.7 8.153563
12/P015 145.2 50.3 39.7 3.835664
13/P011 145.2 50.3 39.7 -1.84744
14/P002 145.3 50.3 39.7 -4.48537
15/P007 145.3 50.4 39.6 -7.53443
Table 6. Duck, NC, Worldview2 Imagery data (Mrch 24, 2010)
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Name Acquisition Time (GMT) | Mean Mean
Satellite Satellite
Azimuth Elevation
(deg) (deg)

1/P002 19:03:32 277.8 61.2

2/P007 19:03:42 267.1 60.1

3/P009 19:03:53 257.6 58.2

4/P006 19:04:04 249.5 55.8

5/P008 19:04:15 242.9 53.1

6/P004 19:04:26 237.3 50.1

7/P010 19:04:36 232.9 47.2

8/P005 19:04:47 229.2 44.4

9/P003 19:04:57 226.2 41.6

10/P001 19:05:08 223.6 39.1

Name Solar Solar Solar Zenith| Separation

Azimuth Elevation Angle (deg) | Angle (deg)
(deg) (deg)

1/P002 155.9 56.2 33.8 -83.3%47

2/P007 156 56.2 33.8 -77.9109

3/P009 156.1 56.2 33.8 -72.7192

4/P006 156.2 56.3 33.7 -68.0675

5/P008 156.2 56.3 33.7 -64.2788

6/P004 156.3 56.3 33.7 -61.0071

7/P010 156.4 56.3 33.7 -58.464

8/P005 156.5 56.3 33.7 -56.3613

9/P003 156.5 56.3 33.7 -54.8343

10/P001 156.6 56.3 33.7 -53.4706

Table 7. Pendleton, CA, worldviev2 Imagery data (March 24, 2010)
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B. IMAGE PREPARATION

DigitalGlobe processes imagery as requested by the customer. Three levels are
available and specific options may also be available within the level. These levels

include:
A L e v e Basit 1B or Basic Stereo Pairs
A L e v e Btanfard (2A) or OrthRealy Standard (OR2A)
A L e v e Drtharectified (DigitalGlobe or Custom)

Level 1 processing is done on all Level 2 processed images, to include
radiometric and sensor correction. Radiometric correction is necessary to reduce the
effects of noise in the imagy. Noise can originate from the atmosphere, thessuasor
geometry, or the sensor itself. Radiometric correction provides two key benefits to this
research. The first allows mosaicking of images. The second advantage is image
consistency, which acoaamodates work involving temporal data. The additional level of
processing involved in Standard 2A and OR2A processing provides uniform GSD
throughout the image and projects the i mage
map projection and datum. Mapprojection options include Geographic
(latitude/longitude), Universal Transverse Mercator (UTM), and a customer defined State
Plane. Standard 2A applies a coarse digital elevation model (DEM), while OR2A is
projected to an average elevation, but has pographic relief applied. OR2A stands
ready for custom ortheectification, providing flexibility to the customer. Increased
processing comes at an increase price to the consumer. With Level 3 processing, the
image is ortheectified. Ortherectification applies a fine DEM using map projection
and the customerods requested dat um. The DE

customer. Mosaicking is also available at the highest level of processing.

The imagery used in this thesis underwent OReady Standard, a level 2
process. Each image over Duck, NC, and Pendleton, CA, was received in three separate
tagged image format (TIF) files. TIF files are a standard imagery format as they allow

lossless imagery storage and can be edited and resavedtwiggoadation of the image.
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Basic registration processes came firsAs the pass over Duck, NC, and
Pendleton, CA, resulted in 15 and 10 images, respectively, registration was required.
Registration is the process of correcting a reference (warp) itoageatch base image
geometry, using tie points between the two images. While the registration process is
tedious, it is necessary. Errors arise due to different satellite viewpoints that cause
differences in acquisition and cause the images to be mmsdlign this analysis, the
chronologicalcenter image was selected as the base image to minimize the differences
between the base image and the warp images. While often called ground control points
(GCPs), the more accurate term is tie points. Tie po@fiés to points selected within the
base and warp image and indicate a single feature identified in both images. GCPs are
used to relate a point in a remote sensing image to a geographic point on the earth.
Registration allows the Geographic projectidosie on each image to be aligned with the
Geographic projection of the reference image. The ENVI program refers to tie points and
GCPs synonymously. To achieve a welyistered image, approximately 70 points were

referenced to the base image. An tifagon of this process is capturedrigure 30.

[ & #1 scroll (0,08724) BIX | & 42 Seroll (0.08876) I- [o]X]

Figure 30. The reference image (left) and warp image (right) require the selection
of a large number of tie points for accurate registration.
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When using offnadir imagey, the Geographic projection done by Level 2
processing does not result in an accurate projection of latitude and longitude, regardless
of the image selected as the registration reference. If accurate latitude and longitudes are
required, they are acconmgiied with ortherectification. Ortherectification removes the
effects of terrain relief displacement, lens distortion, and camera tilt. -@ttiication
creates uniform scale and true geometry within imagery and allows measurement of true
distances,as an orthgectified image accurately represents the Earth's surface. This
correction is necessary when using-iédir imagery and in topographically diverse
landscape. As a satellite overflies a ground point, it images at differing angles and
subseqantly returns different views of the same object. This occurs because as the view
angle changes, the distance from the object also changes. The same effect occurs when
the surface viewed is not flat, and the effect becomes more pronounced as the diversity
the terrain increases. To correct for terrain changes, an accurate DEM is refigted.

31. illustrates how errors are introduced in satellite imagery wuoffnadir imaging.

Figure 32.illustrates how terrain elevation affects images.
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Figure 31. (a) A flat surface viewed from directly overhead (Nai) The same
surface viewed with 38Dff-nadir Roll (c) Surface with 300ff-Nadir
Roll and 60/Off-Nadir Pitch(d) Additional 30”Yaw Introduced
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Figure 32. Displacement effect on imagery due to terrain

As the scope of this thesis did not require an accurate map lofctteon, orthe
rectification was not required. Registration of the images was the furthest step taken and

was done by the staff of the Naval Postgraduate School.

Following image registration, the images were chipped to display smaller regions.

Analysiswas done on the full image and the smaller chips.

C. REGIONS OF INTEREST

Regions of Interest allow the selection of an area of pixels and allow them to be
grouped for processing with ENVI. ROIs are typically a group of pixels with similar
characteristics ROIs were selected for Duck and Pendleton. To begin, a general area of
terrain is selected. In Duck, an initial 11 regions were created. This eventually became
12 as the process realed two types of sand within oR©OI. In Pendleton, 10 regions

wereselected. The ROIs were titled as follows:
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Duck, NC Pendleton, CA

Forest Field (Veg)
Pond Harbor
Roof Top (x3) Tarmac
Baseball Outfield  Sand (x3)
Soil (Dry) Soil (Wet)
Soil (Wet) Soil (Dry)
Ocean Ocean

Golf Course Marsh (Veg)

Parking Lot (x2)

Figure 33. The initial 11 ROIs at Duck.

As the ROIls are initially selected by a general area, there are inherently some
dissimilar pixels within the region. TheDvisualizer allows exclusion of these pixels to

maintain a homogenous ROI.
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Figure 34. ROIs displayed in 4D visualizer

The nD visualizer plots all pixels within the ROIs. Pixel color corresponds with
the corresponding color of the ROI. As depictedrigure 34., the axes are digital
number (DN) in selected bands, with the bottorfi torner representing (0,0) and
increasing as you move up and right. In this figure, th&ig is Band 5 (Red), and the y
axis is Band 6 (Reddge). Note the relative brightness of the vegetation ROIs (green
pixels) in the Regtdge band and the relatidarkness in the Red band. The tarmac (pink
pixels) is bright in both bands.

The outlier pixels are represented by their separation from the major grouping of
pixels in each ROI. To remove these from further ENVI processing, the user manually
highlightsa group of outliers and opts to remove them from the group. Often;Ehe n
visualizer may illustrate clear differences between two or more materials within the same
group that are not easily discerned by the naked eye. ENVI provides the option of
splitting the ROI into two or more new ROIs. This is the case illustratedRigtire 35.

When one goes to edit the Sand REiure 35.shows a pixel clump. In Band 1 and

Band 7, it is not very clear &h there are two discernible clumps. In Band 5 and Band 7,

it becomes clearer. Rather than removing one of the pixel clumps, a second ROI is

created. The ROI, Sand, is split into Sand (Dry) and Sand (Wet). Once this process is
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complete, the ROIs are dated accordingly. The whittletbwn ROIs are displayed in
Figure 37.

Figure 35. The nD visualizer display. Left: Sand ROl in (Band 1 & 7), Center:
Two identified clumps (Bands 1 & 7), Right: Two clumps in Band 5 & 7,
which introduces more separate in the clumps

Figure 36. Left: Sandy area, Center: Initial Sand ROI which encompasses wet and
dry sand, Right: The result ofD visualizer. The original Sand ROI is
divided into 2 different ROIs, wet and dry.

These pixels typically repsent differing materials within the terrain such as a
road cutting through a field or a car in a parking lot. By removing these from processing,

a homogenous ROI can be obtained for analysis.
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While at DigitalGlobe, the product underwent processing mthade use of the
gain and offset numbers provided in the Appendix. These numbers were retrieved from
the .imd files provided along with the imagery. The end result delivered to the customer
transformed the raw image digital number values into radiocadliricorrected image

pixels, Gixel,bana The calibration factor applied can also be found in the Appendix.

Statistics were run on the ROIs. Worldvi@dnDNs were converted to absolute

radiance utilizing the following equations:

DN 1 gpixel, band [COUNLS] (18
Lpixel, bana = @bscalfactok* Gixe bandWm “sr] (19
Lpixel, band 2 -
L| pixel, band = [va Sr 18 IT (20)
D |band

where @ixelbangare radiometrically corrected image pixelgixdibandiS top-of-atmosplere
band integrated radiance image pixels, aggdipaw IS top-of-atmosphere baraveraged
spectral radiance image pixelBollowing this, statistical analyses were then done on the

homogeneous ROIs utilizing ENVI, and the radiance values were adalyz

Figure 37. (Left) Several of Duck, NC, original ROls. (RightDvisualizer has
removed the pixels that displayed differing DNs from the majority over
several considered bands, representing cars in a parking lot (Red ROI), an
island in a pond (Blue ROI) arsfructures/objects on a roof (Pink ROIs)
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D. IMAGE RATIOING

Image ratioing offers the benefit of removing or minimizing many of the errors
previously mentioned. Image ratioing is the process of dividing an image by another
image, pixel by pixel. The press was done using the ENsdmpatible IDL workbench

and was performed across all inputted wavelengths.

& Visualize - P:\WMcConnon\Duck\Analysis\6_Div_11\ratio_6_11.pro - IDL Workbench

e Navigate Search Project Run Window Help

(SRR 0 ]

2 = B8 ratio_6_t1.pro, &
dir = !

B] [ | R visualize | €@ 1DL %5 Debug

\Varp Images & Headers\chips\' ~
file6 = chip.dat’

filell = 'Warp_PO1l_to_PO10_chip.dat'

semples = 1900

lines = 1080

bands = 8§

=

IR e

= [T 10L [10L Ap

5

openr, 6, dir+fileé
openr, 11, dir + filell

m
) &
I

s@
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dataé = uintarr(samples, lines)
datall = uintarr(samples, lines)
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ﬁ
g
3
g
g

openw, 1, 'P:\McC

on) Duck) Analysis\6_Div_1l\band 6_11 ratio.dat'

2

for iband = 1,8 do begin
print, iband

readu, 6, dataé

print, ‘'read 10'

readu, 11, datall
data6/float (datall+l)
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Figure 38. Image Ratioing Interactive Data Language Code

In image ratioing, the brighter image is divided into the darker image to ensure
the resulting imagesiscaled so that all pixels hold a value between 0 and 1. This was
done for both sets of imagery. In the Pendleton imagery, image P0O09 was divided by
P010, and in the Duck imagery P0O06 was divided by PO11. In both cases, the brightest
image, placed inhie denominator, corresponded to thesup, or oraxis, image where
the satellite elevation most closely matched the solar elevation. Coincidentally, the
brightest image was the latter image taken. The resulting ratio represents congruity
between the inial two images. Zero represents dissimilar pixels, such as a saturated
pixel contrasted with a dark pixel, while a value of 1 represents identical pixels. Values

lying between represent some disparity in pixel vallieis concept is illustrated in
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Figure 39. Note the boat traveling south down the coast. It appears bright in contrast

with the surrounding ocea high DN value in contrast with a low DN. As mentioned

previously, the brighter image happened to be the secoade taken and was used in

the denominator. At the boatdés position in
numerator. At that same location in the second image, there is onipidalded ocean,

which is placed in the denominator. Thisules in a value near 1. The values are

reversed at the boatds second position, resu

N
N

Figure 39. Image Ratio of Duck, NC, Image P006/P011 (Band 2:3BDnm)

The grayscale image displays information for ooty band.Figure 40.displays
information for three bands and the use of color in the image allows for the presentation
of a greater depth of information. As in the grayscale image, white and black represent
total similarity and total dissimilarity, respectively; however, in the color image the range
of gray now displaygqualchange between the three represented bands. Gray is useful
for displaying the level of vievangle dependence of reflectance. Color is used to
illustrate unequalchange between the bands and illustrates both-ameyle dependence
and wavelength dependence of reflectance. The color image of Duck, NC, is displayed

in Figure 40.
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