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ABSTRACT 

A CCD-camera based system for the retreival of bidirectional reflectance 

distribution function (BRDF) data has been evaluated for vicarious calibration 

applications. This evaluation is done by assessing the calibration requirements necessary 

to retrieve BRDF data for the improvement of the vicarious calibration approach, and 

then by examining the calibration problem itself. A sensitivity analysis shows that for a 

top of the atmosphere (TOA) radiance accurate to 0.1%, instrumental biases must be 

under 5% while pixel-to-pixel gain variations may be as great as 10%. A method for 

achieving the calibration requirements using a CCD-based BRDF camera system 

constructed by the Remote Sensing Group (RSG) at the University of Arizona Optical 

Sciences Center is presented. A relative calibration level of approximately 1% across the 

camera array is found to be achievable given the laboratory facilities of the RSG. 

Software designed to extract BRDF data from the BRDF camera system output and 

convert the data into a form usable in the RSG's radiative transfer code are described and 

demonstrated on example data sets. A disuse-light correction algorithm and software to 

perform the correction on BRDF camera data are described, and the software is tested 

against several example data sets to evaluate the retrieval accuracy of the code. Retrieval 

accuracies of better than 0.5% in phase and better than 0.01% in radiance have been 

achieved with this code using modeled data and at a 4S-degree solar zenith angle. Based 

on these results, CCD-camera based systems can be used to improve the level of accuracy 

of TOA radiance calculations for vicarious calibration. 
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CHAPTER 1 

INTRODUCTION 

The bi-directional reflectance distribution functions (BRDF) of surfaces have 

been of interest for a wide variety of problems for some time. All surfaces, whether they 

are natural or artificial, are optically nonuniform at scales greater than the molecular, and 

hence scatter incident light [Hapke, 1993]. Since the BRDF is an intrinsic quality of a 

material that relates the angular pattern of reflection from a surface to a given beam of 

incident radiation, it is of prime importance whenever the scattering of light occurs in 

nature [Nicodemus, 1977]. Furthermore, it has been shown through studies of vegetation 

canopies and soils that most natural surfaces reflect light anisotropically, making the 

measurement of BRDF over a range of viewing and illumination geometries necessary 

[Sandmeier, 1998, Deering 1999]. 

The most basic application to require BRDF is the use of the function to 

characterize the radiation field leaving a surface as a result of incident solar radiation. 

Since all measurements of surfaces in the field occur with the sun at a particular 

illumination geometry, such reflectance measurements are inherently bidirectional in 

nature [Pinty, 1992]. The BRDFs of different surfaces can then be used in the 

normalization of wide-field and off-nadir satellite imagery of terrestrial surfaces, land 

cover classification, and cloud detection [Lucht, 1998]. The inclusion of BRDF data in 

this manner allows off-nadir sampled data to be freed from directional effects, making the 

radiometric correction of wide-angle satellite imagery possible [Kimes, 1983, Jackson, 
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1990, Pinty, 1992]. BRDF information can then be used for the correction of surface 

BRDF effects in a time-series of satellite observations of a particular region [Roujean, 

1992]. Such a use of BRDF has applications in global change studies, for example, 

where the long historical database of Advanced Very High Resolution Radiometer 

(AVHRR) data can be BRDF-corrected for the calculation of land cover change over a 

long period of time [O'Brien, 1999]. 

The BRDF is also explicitly involved in the calculation of the albedo of a land 

surface, and therefore to the total amount of solar radiation reflected by a surface back 

into the atmosphere [Weiss, 1999]. As a result, BRDF data are of interest in the global 

climate change community, as albedo is an important component in the energy balance of 

the Earth [Lyapustin, 1999]. The Earth Radiation Budget Experiment (ERBE) has 

documented strong anisotropics of incoming and outgoing radiation fluxes through the 

atmosphere, which suggests significant surface reflectance contributions to the 

calculation of the global energy budget [Pinty, 1992]. Calculations of the Earth's 

emissivity using AVHRR have shown errors in excess of 15% result when BRDF effects 

are ignored over land surfaces such as deserts [Nerry, 1998]. Similarly, sea ice studies 

have shown errors in calculated albedo of 13% or more if BRDF effects are ignored 

[Knap, 1998]. With the launch of instruments speciflcally designed to provide limited 

BRDF data on a global scale from space such as the Moderate Resolution Imaging 

Spectroradiometer (MODIS) and the Multi-angle Imaging Spectroradiometer (MISR) on 

NASA's Earth Observing System (EOS), the need for ground-based BRDF measurements 
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of natural surfaces has become even more important if the data produced by these 

satellites are to be used by the scientific community [Sandmeier, 1998]. The validation of 

land surface reflectance properties and reflectance data products retrieved by these 

satellite sensors require supplementary ground-based measurements of BRDF 

[Martonchick, 1994, Hu, 1997]. 

It has been known for some time that anisotropies in the reflectance of natural 

surfaces can have a considerable impact on the upwelling radiance from the Earth 

[Koepke, 1978]. Calculations of upwelling radiance through an atmosphere from a 

terrestrial surface require that the BRDF of a surface be characterized and used as a 

boundary condition in radiative transfer codes (RTC) [Walthall, 1985, Hu, 1997]. 

Combined with atmospheric parameters collected at a particular target location, this 

BRDF surface reflectance model is provided to the RTC for the calculation of 

top-of-the-atmosphere (TOA) radiance at a sensor [Snyder, 1997]. It has been shown that 

the dynamics of this atmosphere-surface interaction are critical to radiative transfer in the 

study of global climate change, and that for this, the understanding of physical surface 

parameters that control albedo and directional reflectance are required [Pinty, 1992]. 

BRDF effects in nature have been observed and documented for centuries. Galileo 

Galilei (1638) made one of the first observations of the BRDF of the lunar surface, 

linking that well-known phenomenon to surface roughness he saw indicated by the 

presence of mountains and valleys on the moon [Galilei, 1953]. True measurements of 

BRDF, however, are not possible without careful measurement of illumination and 
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viewing geometries. These kinds of sensitive angular measurements have been 

accomplished for many hundreds of years through the use of mechanical goniometers, 

which are among the oldest instruments known to science [Hosgood, 1999]. Historically, 

these devices were used as navigational devices (such as astrolabes) and as surveying 

tools, but have only recently become important in the field of remote sensing as the 

significance of BRDF in radiative transfer has become recognized [Sandmeier, 1999]. 

Previously, terrestrial reflectance studies had often been made at nadir-vie wing angles 

only, implicitly assuming the Lambertian scattering of surfaces, which severely limited 

the validity of the results based on these measurements [Pinty, 1992]. Aircraft-based 

multiangular radiometer measurements made in the mid-1960s, however, began to 

indicate reflectance anisotropies over natural surfaces [Salomonson, 1966]. By 1977 the 

anisotropic reflection of vegetation canopies was a well-known effect, but the coarseness 

of its measurement hampered attempts to model the phenomenon [Kriebel, 1978]. It soon 

became apparent that only careful ground-based observations of directional-reflectance 

could determine the BRDF characteristics of natural targets [Eaton, 1979]. 

Basic boom-mounted radiometer systems such as the one used by the Purdue 

University Laboratory for Applications of Remote Sensing (LARS) began to show the 

usefulness of simple nadir-measured directional reflectance factors (compared against 

laboratory-measured reflectance panels) in determining the optical properties of crops and 

soils for agricultural remote sensing in as early as 1979 [Robinson, 1979]. These early 

systems measured reflectance at fixed view angles, while the illumination angles changed 
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over the course of an experiment. The importance of in-situ BRDF measurements was 

solidified in the remote sensing community in early 1980 through NASA's workshops on 

renewable earth resource features. It was during these workshops that BRDF was 

determined to be a key research issue, and it was identified that there was a "critical need 

to obtain spectral measurements of the complete bidirectional reflectance distribution 

function (BRDF) of scene element classes." for the analysis of remote sensing data of the 

Earth [Smith, 1980]. A marked increase in the sophistication of goniometer systems for 

measurement of BRDF followed. Typically, in these systems, one-dimensional biconical 

reflectance measurements are made using simple radiometers that view a section of the 

target surface at multiple view and illumination angles, in only a single azimuth plane at a 

time [Purgold, 1994]. An example of such a system is the boom-mounted radiometer 

system developed by Jackson et al, which measures BRDF at 19 discrete positions 

between 45 degrees in the principle plane, with a typical series of measurements 

taking about 5 minutes [Jackson, 1990]. Such measurements have been applied to a 

variety of surface types and have shown good agreement with surface-reflectance models 

[Hu,1997]. 

Two-dimensional, bidirectional reflectance retrievals have also been performed 

over a variety of surface types with non-imaging radiometers. The transportable field 

goniometer system (FIGOS) built by the Remote Sensing Laboratories (RSL) at the 

University of Zurich, Switzerland is an example of one such instrument designed to make 

multiangular measurements of BRDF. The system consists of a zenith and azimuth arc 
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rail supporting a motorized sled carrying a spectrometer. Observations of reflectance over 

a single patch of ground are made by rotating the two arcs and sled in sequence while 

data are taken with the spectrometer [Sandmeier, 1999]. A single BRDF measurement 

made in this fashion requires at least 18 minutes. This system weighs in excess of 200-kg 

and is transported about a calibration site on a truck-trailer in a state of semi-disassembly. 

The Joint Research Center of the Commission of the European Union operates a similar 

device for laboratory use in its European Optical Goniometric (EGO) Facility. This 

device is notable by the fact that both detector and source can be independently rotated 

about two separate 2-m diameter hemisphere arcs to change view and illumination 

geometries around a fixed sample [Koechler, 1994]. Unfortunately for field experiment 

usage, the EGO system is large and unwieldy, weighing in at over 700-kg. Within the last 

decade, the Portable Apparatus for Rapid Acquisition of Bidirectional Observations of the 

Land and Atmosphere (PARABOLA), has allowed two-dimensional BRDF 

measurements to be made automatically in the field over 60 sets of view angles, using 

three radiometers with 15-degree flelds of view (FOV) mounted on a motorized azimuth 

and zenith stage [Deering, 1986, Deering, 1990, Shepard, 1991, Deering, 1999]. The 

assumption of surface homogeneity is made, as the device takes data over a wide area as 

each detector rotates 360 degrees. Spatial sampling can be accomplished by elevating the 

instrument 7-10m off the ground while mounted on a truck, or by flying the instrument in 

a hot-air balloon. The PARABOLA system requires approximately 11 seconds for a 

single 8-bit radiometric resolution measurement of BRDF, but has the advantage over 
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most conventional goniometer systems in that the entire 4-n steradians about the 

instrument are measured [Deering, 1999]. Though systems such as FIGOS and 

PARABOLA have been shown to yield good results over a variety of surface types, 

mechanical systems that make sequential angular measurements over a nontrivial amount 

of time are inherently prey to the change in BRDF due to differences in hemispherical 

illumination. These errors can be as great as 1% per degree change in solar angle, and as 

much as 1% per 6% change in spectral atmospheric turbidity [Kreibel, 1976]. 

Recent advances in digital camera technology have made commercially available 

charged-coupled-device (CCD) camera systems an attractive alternative to mechanical 

goniometric systems for BRDF retrieval [Dymond, 1997]. CCD cameras, using a large 

number of discrete detectors arranged in an 2-D array structure, have the implicit 

advantage over conventional non-imaging systems in that an entire set of angular 

measurements can be made simultaneously, without the need for mechanical rotation of 

the detector elements. This ability to sample over many nadir and azimuth angles at once 

allows BRDF to be retrieved with less need for the interpolation between measurements 

than has been previously required [Lyapustin, 1999]. 

The Remote Sensing group of the Optical Sciences Center at the University of 

Arizona has been involved in the collection of data for the vicarious calibration of 

Earth-observing satellites since the early 1980s. As part of these vicarious calibrations, 

top of the atmosphere (TOA) radiance in the visible, near and shortwave infrared is 

predicted through the use of atmospheric models and radiative transfer codes. These 
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codes are provided with parameters derived from on-site measurements of surface 

reflectance and atmospheric conditions at the time of satellite overpass at a selected 

location [Thome, 1994]. To calibrate the satellite sensor, this TOA radiance is then 

compared to the digital number (DN) produced by the instrument to compute radiometric 

gain coefficients for the detector. An important component of the surface reflectance 

model used by radiative transfer codes is the BRDF [Snyder, 1997]. In these codes, the 

BRDF of a surface represents the lower boundary condition for atmospheric radiative 

transfer. These radiative transfer models may in turn be used to calculate the TOA 

radiance measured by optical satellites [Solhiem, 2000]. The addition of the BRDF 

function into radiative transfer models is therefore expected to improve the accuracy of 

predicted TOA radiance [Santer, 1996]. 

The Remote Sensing Group has developed an imaging radiometer for 

ground-based measurements of directional reflectance. The BRDF camera system relies 

on a commercially-available, astronomical-grade 1024- by 1024-pixel, Photometries 

silicon CCD array with 14-bit radiometric resolution. Angular measurements are 

accomplished using an 8mm Nikon fisheye lens that has a full 180-degree field of view. 

Each pixel on the CCD array has a nominal 0.2 degree field of view. Spectral selection is 

through four interference filters centered at 470, 575, 660, and 835 nm mounted in a filter 

wheel internal to the fisheye lens. The system is designed such that the entire 180-degree 

field is collected at once with an integration time on the order of a few seconds per band 

and a complete multispectral data set with dark images, collected in under two minutes. 
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Scientific use of such an imaging system requires the individual calibration of the 

large number of detector elements that compose the 2-D CCD array. Gain and offset 

parameters for each pixel of the imaging array are then used to perform a pixel-by-pixel 

correction of data to allow pixel to pixel variations due to the detector to be removed 

from the data. An evaluation of the point spread function (PSF) of the optics is required 

of any optical system and is also needed to determine the minimum angular resolution for 

BRDF retrieval [Gaskill, 1978]. In addition, all imaging systems are subject to 

polarization effects due to Fresnel transmission at all air-glass interfaces in the optics and 

these effects must be characterized as reflected sunlight from soils may be strongly 

polarized [Gibbs, 1993]. The effect of the lens-fiinction transmission must also be 

evaluated to allow the comparison of data at different points on the image field. 

The research presented here covers the basic definition of BRDF and theoretical 

models of soil BRDFs based on the parameterization of surface features. A discussion of 

the models and on the ejects of instrument noise on their inversion is presented in 

Chapter 2. Chapter 3 details experiments performed to determine the gain and linearity of 

the CCD array elements. The camera system's point spread fiinction, lens transmission 

function, and the degree of polarization of the imaging system off axis are also evaluated, 

and their consequences for the retrieval of BRDF are discussed. Field data collection 

procedures are described in Chapter 4, as are processing routines to generate data for use 

in RTCs. The decoupling of the BRDF from surface-atmosphere interactions and diffuse 

light, as well as the overall effect of BRDF data produced by the camera system on the 
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vicarious calibration results are presented in Chapter 5. An evaluation of the requirements 

of CCD camera systems for the retrieval of BRDF based on this research and conclusions 

are presented in Chapter 6. 
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CHAPTER 2 

THEORY AND MODELS 

An important component of the radiative transfer codes used to calculate the 

radiance at a sensor is the bi-directional reflectance distribution function (BRDF) of the 

surface [Snyder, 1997]. The BRDF of a surface relates the reflected radiance due to a 

given incident irradiance, and is an intrinsic optical property of all materials [Nicodemus, 

1977]. Since measurements of surfaces in the fleld take place with the sensor in a 

particular view geometry and with the sun at a speciflc position in the sky, all reflectance 

measurements are inherently bidirectional if diffuse light is neglected [Pinty, 1992]. 

These reflectance measurements must then be processed to remove the effects of diffuse 

light from the atmosphere, resulting in a surface BRDF as produced by a beam of 

unattenuated direct sunlight [Martonchik, 1994]. The resulting BRDF can be used in the 

surface reflectance model of an RTC to improve the accuracy of the calculated TOA 

radiance. 

This chapter defines BRDF and relates it to quantities that can be measured by 

instruments such as the BRDF camera. Two surface reflectance models that describe the 

BRDF of soil surfaces consistent with the fleld use of the BRDF camera system are 

described and their parameters deflned. These models were then perturbed to simulate the 

effects of random noise and calibration errors in the BRDF camera system. The perturbed 

models were then inverted and their new parameters were used to generate BRDFs that 
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were compared against the original models to evaluate the sensitivity of BRDF retrieval 

algorithms to errors in instrument calibration. 

2.1. BRDF Modelling 

The BRDF is defined as 

f,(ei,<|)i;0,.(l)P s dL,(ei.<|)i;e,.<j),;Ei) / dEjCej.it);) (2.1) 

where f,(0i,<l)i;0r,<|>r) is the BRDF in units of sr '. dL is the reflected radiance in W/m~sr 

leaving the reference surface given a particular illumination irradiance E^, at a reflected 

zenith angle of 6^, and an azimuth angle of • The irradiance dE,(6i,<i>i) is the illumination 

onto the surface from an incident zenith angle of 0; and an azimuth angle of <{); in W/m^ 

[Nicodemus, 1977]. In this definition the BRDF is a ratio of infinitesimals which cannot 

be measured directly due to the nonzero field of view of any detector system. Real 

measurements of BRDF, therefore, must take place over nonzero intervals of viewing 

angles d^andij),. In the case where the irradiance is produced by the sun or any source of 

finite angular size, the solid angle of illumination itself has a finite size in 0j and^tj. 

Because of these factors, all field measurements of BRDF are necessarily bi-conical 

observations of surface reflectance, which then must be atmosphere-corrected for diffuse 

light [Snyder, 1998]. In effect, any measurement of BRDF is an average over a finite 

angular range of the actual BRDF function. In this situation the biconical reflectance 



factor of a surface is the quantity being measured. If the incident irradiance is uniform 

and isotropic within the beam, the dimensioniess biconical reflectance factor is related to 

the BRDF by the following 

is the projected solid angle of the source, and 0)^ and (0^ are the solid angles of the source 

and detector respectively. The biconical reflectance factor is simply n times the average 

of the BRDF over the solid angles of incidence and reflectance. In the case of a BRDF 

that varies slowly with angle and in which there are no signiflcant variations of the BRDF 

within a measurement interval, the use of biconical reflectance measurements to 

approximate ideal BRDF measurements poses no substantial effect on the retrieval of the 

BRDF [Nicodemus, 1977]. For this reason, all stated measurements of BRDF in this 

work are biconical. 

In general, the BRDF function f^ can be of any form and can vary from zero to 

inflnity. In the special case of a lambertian surface of reflectance p, the BRDF can be 

expressed simply as 

(2.2) 

where 

(2.3) 
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fr = (2.4) 

where f is independent of illumination and viewing angles. This function is a reasonably 

good approximation of the behavior of bright, diffuse, high-albedo surfaces such as snow, 

sand or flat-white paints [Eaton, 1979, Hapke, 1993]. In the case of a specular reflector 

illuminated by a source at , with a Fresnel reflectance of R(0i), the BRDF is a delta 

function 

fr(0i.<l>i;0r'4>r) = R(®i) 6(0r-0i)6(<l>r-<J>i-^) (2.5) 

where 5(0) is the delta function [Hapke, 1993]. The BRDF of most natural surfaces, in 

general, is a combination of the features of both a lambertian continuum and a specular 

component [Hapke, 1993]. 

In practice, the prohibitively large number of possible illumination and viewing 

geometries required to derive the BRDF from the empirical data necessitates the use of 

surface reflectance models to describe the properties of a given surface. These models 

generate a continuous BRDF value for a variety of illumination and view geometries 

based on a small number of surface parameters. These parameters may be related to 

macroscopic physical properties of the surface, such as soil grain size and single-scatter 

albedo [Irons, 1992]. The parameters of a given surface model are usually derived by 

fitting the model to a small number of measured data points. The model is then used to 

interpolate between the measured values to generate a continuous BRDF function used in 
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RTCs [Lyapustin, 1999]. BRDF models have been used in this manner successfully to 

model various vegetated and bare soil surfaces in the field and from orbit for remote 

sensing applications for many years [Hu, 1997, Irons, 1992, Pinty, 1989, Roujean, 1992]. 

BRDF models are used here to evaluate the level of calibration required by the 

BRDF camera system to produce results useful for vicarious calibration applications. 

Surface parameters based on data collected in the field were used to generate model 

BRDFs which were then perturbed with random noise and simulated instrument biases. 

The perturbed model was then inverted to retrieve modified model parameters. A new 

BRDF based on these modified parameters was generated and compared against the 

original, unperturbed model to evaluate the sensitivity of the model to instrument 

performance. Based on this analysis, the impact of the BRDF camera system calibration 

on the overall retrieval of TOA radiance for the vicarious calibration of satellites was 

evaluated. 

2.2 BRDF Models 

The two models considered in this study are the Hapke and the Walthall BRDF 

models [Hapke 1993, Walthall 1995]. The Hapke model is a nine-parameter model based 

on simplified equations of radiative transfer. This model has been used in various forms 

in the field of remote sensing for the BRDF characterization of soils. [Pinty, 1989]. The 

Hapke model has the advantage over many BRDF models in that once surface parameters 

have been derived based on a few measurements of a surface, BRDFs at any angle can be 
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calculated easily, without the need to resort to complex integrals [Walker, 1998]. The 

Walthall model, alternatively, is a simple three-parameter empirical formula designed to 

model the BRDF of soils and vegetation canopies, and has been used to successfully 

model the reflectances of various types of surfaces [Walthall, 1985]. The Walthall model 

is a more recent BRDF model in comparison, which arose out of the need for a simple 

equation to fit the relatively large number of measurements produced by modem 

automated BRDF goniometer systems [Irons, 1992]. Both models are analyzed from the 

standpoint of a sensitivity analysis of the BRDF camera system's requirements and are 

presented here as examples of two general BRDF models. 

2.2.1 The Hapke Model 

The Hapke model makes nine major assumptions that are applicable to diffusely 

reflective surfaces such as powders and soils similar to those imaged in this study. A 

discussion of the equations of radiative transfer involved in the derivation of the Hapke 

model can be found in Hapke's book on spectral reflectance [1993]. 

The model proposed by Hapke takes into account both single-scatter and 

multiple-scatter terms and is expressed as 

{P(g.g')[l^-B(g)]+H(Mi)H(M,)-l} (2.6) 

where (O^ is the single scatter albedo, the ratio of scattered light to total incoming light, 

and are the direction cosines of the incoming and outgoing light. The variable g is the 
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phase angle, defined as 

g = cos''[cos0jcos0^+sin0jsin0^cos(<t>,-<t)^)] (2.7) 

In this formulation, a phase angle of 0 denotes the backscatter (or hotspot) direction. 

Similarly, g' is defined as the angle between the specular reflection direction and view, 

given by 

g' = cos'[cos0jcos0^-sin0jsin0j^cos(<t)j-<t)^)] (2.8) 

The function P(g,gO is the average particle scattering phase function. In this work, I use a 

modified version of the phase function which was derived from a second-order Legendre 

polynomial expansion by Pinty and Verstraete [1989]. This new function incorporates 

two new coefficients created by Jacquemoud [1992] to account for the forward scattering 

specular peak of soil targets and is defined as 

P(g.g') = a + b cos(g) + c |-(3cos(g) 1)^^ ^ cos(gO+e (g ) 1)^ 
2 2 

where b, c, d and e, are multipliers adjusted to provide the best fit to the phase function 

data. The b and d coefficients define the slope of the fit in terms of g and g respectively, 

while the c and e coefficients control the overall curvature of the phase function. The 

coefficient a is a simple offset term added for use in this study to improve the functional 

fit. The Jacquemoud equation reduces to the Pinty-Verstraete equation in the case where 
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c and d equal 0 (i.e., no specular peak). This function assumes azimuthal symmetry about 

the principal plane and has been shown to produce good agreement with field data 

collected over soil targets, particularly those displaying a mix of forward and backscatter 

reflections [Jacquemoud, 1992]. 

The term B(g) is defined as the backscattering function which accounts for the so-

called 'opposition effect' which arises at small phase angles [Hapke, 1981], Hapke 

[1986] defines several forms of this equation, the one used here is the one shown to 

produce good results for the modelling of soil targets by Pinty and Verstraete [1989] 

B(g) = — (2.10) 
[1 +(l/h)tan(g/2) 

where h is the angular width of the backscatter peak, and Bq is its amplitude defined as 

R = S(0) 
° &)oP(0,0) 

where S(0) is the fraction of light scattered by particles at the surface in the backscatter 

direction. H(|j.) is Chandrasekhar's "H-Function" [Chandrasekhar, I960]. This fiinction is 

an integral that describes the angular pattern of emergent radiation from an infinite field 

of isotropic scatterers. The combined [H(Hj) H(m) - 1] term in (2.6) accounts for the 

multiple scatter contribution of the BRDF fiinction [Pinty, 1988]. A simple two-stream 

approximation to the H-function integral valid for the calculation of BRDF to better than 



4% everywhere was derived by Hapke as [1981] 
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H(m) = ^2.12) 
1 +2nv 1 -o) 

where ^ is either or (i^ respectively. From equation (2.6) it is clear that to fit a BRDF 

surface to Hapke's model, eight coefficients must be retrieved. These coefficients are the 

a, b, c, d, e, parameters of the Jacquemoud phase function, the single-scatter albedo (O^, 

the backscatter angular width h, and the backscatter magnitude S(0). In this work I will 

model example surfaces using typical values of these parameters for soil targets 

consistent with those from the literature. 

2.2.2 The Walthall Model 

The Walthall model was proposed to describe the bidirectional reflectance of 

vegetative canopies and bare soil surfaces. The purpose of the surface-reflectance model 

was explicitly to provide a simple method for calculating the lower boundary condition 

for RTCs, and for studying the effects of BRDF on off-nadir imaging sensors. The model 

was designed empirically, based loosely on the limacon of Pascal, modified to fit the 

observed BRDF of soil and vegetation surfaces. The model was designed specifically to 

provide a simple equation with a minimum of parameters for the modeling of the large 

number of incident and view geometries observed in the measuring of leaf canopy 

reflectance. The model therefore explicitly ignores phenomenon such as surface 

roughness, texture, shadowing, and other physical parameters [Walthall, 1985]. 
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The model proposed by Walthall is 

f,(ei,4).;0,,<J),) = a 0,2 ^ p 0,cos((t),-(t>3) + y (2.13) 

where the a, p, and y coefficients are adjusted to provide the best fit with the data. 

Physically the a coefficient controls the general surface curvature of the BRDF surface, 

the p coefficient provides the linear dependance on view zenith angle, and the y term is a 

simple offset. Based on (2.13), the Walthall model assumes BRDF functions are 

symmetric about the principal plane in azimuth. This function has been used successfully 

to model the reflectance of soils and vegetation and has shown good agreement with data 

collected over various types of crops and levels of soil roughness [Walthall, 1985]. 

2.3 Sensitivitv Analvsis 

The Hapke and Walthall models were used in this study as examples of the 

expected BRDFs retrieved by the camera system. BRDF surfaces were generated using 

the Hapke and Walthall models and using parameters taken from the literature for 

surfaces under different illumination conditions. 

The models were then perturbed by both random noise, and linear 'tilt' 

(instrument-bias) errors, to simulate errors in the gain calibration and the lens calibration 

respectively. This was done by multiplying ±e simulated BRDF at a particular 

illumination geometry by an error function. New surface parameters were retrieved from 



the perturbed model by minimizing the fit error between the perturbed BRDF and the 

model based on the new parameters as 
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6= - E [f» - (M) 
k^l 

where 5 is the fit error to be minimized over all data points, f is the modeled BRDF of the 

surface based on the new perturbed surface parameters, while ^ is the BRDF of the 

actual perturbed model [Verstraete 1989]. 

To determine the effect of uncorrected pixel to pixel gain variations on the 

retrieval of BRDF, a Hapke-Jacquemoud model for an example soil surface was 

generated. This BRDF was created using (2.6) and the Jacquemoud phase function (2.9). 

The surface reflectance parameters used to generate the model were those of a clay soil 

sample measured by a goniometer in the laboratory illuminated with a lamp at a zenith 

angle of 60 degrees and a wavelength of 538 nm by Jacquemoud [1992]. In this model, 

the a, b, c, d, e, parameters of the modified Jacquemoud phase function are set to 1.0, 

1.665,0.864,0.357, and 0.041 respectively, the single-scatter albedo qj^ is set to 0.363, 

and the backscatter angular width h, and magnitude S(0) are set to 0.101 and 1.0 

respectively. These parameters were found by Jacquemoud to fit his experimental data 

with a standard deviation of 0.7% [1992]. Modeled BRDF values were calculated using 

(2.6) for every 0.2-degrees in zenith and azimuth angles from -90 to 90 degrees with 

respect to nadir and from 0 to 360-degrees with respect to the solar principal plane. The 
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Figure 2.1: The Hapke model based on Jacquemoud's surface parameters for dry clay. 
+60 degrees is the backscatter direction. 

nadir-view normalized reflectance generated by this model in the principal and 

orthogonal planes is shown in figure 2.1. This model will be referred to as the original 
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Hapke model in this study. Most notable about this model is the backscatter peak seen at 

a viewing angle of +60 degrees in the principal plane, and the nearly lambertian 

reflectance of the surface in the orthogonal plane of the model. 

A Walthall BRDF model was also generated for this study, based on surface 

parameters derived from data collected over a smooth gravel surface at a wavelength of 

550 nm by Walthall [1985]. The a,~' and yparameters for this surface illuminated at a 

solar angle of 44 degrees are 1.09, 2.24, and 6.88 respectively, and were found to fit 
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Walthall's experimental data with a standard deviation of 5.5%. The nadir-view 

normalized reflectance for the original Walthall BRDF model in the principal and 

orthogonal planes is shown in figure 2.2. The BRDF of this surface is lower than that of 

the Hapke model in the principal plane backscattering direction, but higher at larger 

viewing angles in the orthogonal plane. 

Walthall Model 
4 

Principal Plane 
Orthogonal Plane 

3 

•o 
2 

0 
-50 0 50 

Nadir Angle (Degrees) 

Figure 2.2: The Walthall model based on Walthall's surface parameters for a smooth gravel 
surface. +44 degrees is the backscatter direction. 

To simulate the effect of instrument noise and gain nonuniformity on the retrieval 

of BRDF data, both models were perturbed by multiplying them with a uniformly-

distributed 5% and 10% random error function. These perturbed models were also 



multiplied by a S% and 10% slope to simulate the effect of a miscalibration of the 

camera system. The eight resulting data sets are referred to as the 5% random, 10% 

random, 5% random and tilt, and 10% random and tilt, Haptce and Walthall perturbed 

models in this study. 

Derived BRDF models were generated based on the data from these eight 

perturbed models to simulate BRDF retrieval from a miscalibrated instrument. This was 

done by inverting the perturbed models, using a two-dimensional Levenberg-Marquardt 

least-squares fitting routine. The routine was designed to minimize the error (2.14) 

between the derived and perturbed models, and was found to return all eight parameters 

of the Hapke model and the three parameters of the Walthall model to better than 0.001% 

in the case of the unperturbed models. This procedure was used to derive new surface 

reflectance parameters based on data taken from the perturbed model. This new set of 

parameters were used to generate the derived model, which was ratioed against the 

original (unperturbed) model to see the effects of the random errors on BRDF retrieval. In 

all cases the derived model fit the perturbed data sets with better than a 2.9% standard 

deviation. The effect of the random perturbations on the derived BRDF models were 

found to be greater for all eight cases in the principal planes of the data sets. The ratio 

between the derived and original model principal plane data sets for the Hapke and 

Walthall models, for the cases of the 5% random, 10% random, 5% random and tilt, and 

10% random and tilt errors are shown in figures 2.3 through 2.6 respectively. 
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Figure 2.3: Ratio of derived Hapke model to original with 5% and 
10% random error. 
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As seen in figure 2.3, the derived Hapke model differs from the original case for a 

10% random error by less than 2.0% over all zenith angles in the principal planes of the 

derived model, which is the plane that showed the greatest deviation from unity. In the 

case of a 5% random error, this effect drops to less than 0.5%. Most notable in figure 2.3 

is the absence of the backscatter peak in the case of 10% error. The large error of 2% at 

view angles beyond the backscatter peak was caused by a 'smearing' of the peak into the 

BRDF continuum in the model. Similarly, in figure 2.4, the Walthall derived models 

show less than a 0.5% deviation from unity at all viewing angles for both the 5% and 

10% random perturbed cases. This result was not surprising as the Walthall model does 

not incorporate the backscatter reflectance peak of the Hapke model, and is therefore less 

susceptible to random variations in the data. 

The effect of a 5% and 10% random and tilt perturbation on the derived models 

were more pronounced in all cases than for just the random errors. Figure 2.5 and 2.6 

show for the Hapke and Walthall derived models an error introduced of the same level as 

the tilt for both 5% and 10% cases respectively. Based on figure 2.6, the Walthall model 

appears to be more susceptible than the Hapke model to tilt errors, as the effect of the 

error is a non-linear change in the BRDF of the surface as a function of view angle. This 

is due to the fact that the Hapke model contains two linearity factors in its expression for 

BRDF while the Walthall model only has a single term to balance linearity. 
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Based on these results, it appears that the retrieval of BRDF functions by an 

instrument with a 10% random gain miscalibration would cause at most a 2% error in the 

BRDF retrieved at large view angles near the backscattering peak, with less than a 1% 

error everywhere else. For a miscalibration on the order of 5%, this error drops to less 

than 0.5% everywhere. The effects of tilt errors such as a linear instrumental bias across 

viewing angles was found to be more pronounced however, with the error in retrieved 

BRDF being on the same level as the tilt error. It therefore appears that random variations 

in instrumental gain do not affect the retrieval of BRDF to the degree that large-scale 

biases do. This result suggests that the calibration of instrument wide characteristics 

(such as the lens function) of an imaging instrument has a greater impact on its overall 

performance for BRDF retrieval than the calibration of pixel-to-pixel gain variations. 

The RSG is primarily interested in the vicarious calibration of Earth-observing 

satellite systems such as Landsat ETM+. Therefore the level of the accuracy of BRDF 

retrieval required is driven by its effect on RTC calculated TOA radiance at the sensor on 

the satellite. To evaluate this effect, the original and perturbed Hapke and Walthall 

models derived above were used as inputs to the RSG's RTC and the change in output 

based on the models was examined. 

2.4 Effect on Radiative Transfer Calculations 

The radiative transfer model used in this study is a Gauss-Seidel iteration RTC 

[Herman, 1965]. This code has been used by the RSG to do reflectance-based vicarious 
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calibration of satellites since the mid 1980s [Slater, 1987]. This RTC calculates TOA 

radiance by dividing the atmosphere into homogeneous plane-parallel layers based on the 

total optical thickness of the atmosphere. The horizontal distribution of scatterers is 

assumed to be homogenous and their vertical distribution is that of a modified 1976 U.S. 

Standard Atmosphere. Aerosols are assumed to be Mie scatterers and molecules are 

assumed to scatter as Rayleigh particles. This code allows for non-Lambertian surface 

types and can be provided a scattering phase function for a given surface to represent its 

BRDF. 

The Herman-Browning code computes the radiance distribution at each layer of 

the atmosphere every 30 degrees in azimuth and 10 degrees in zenith angles. The code 

computes single-scattered radiances using numerical integration of the equation of 

radiative transfer for all view angles at all levels of the atmosphere. These radiances 

constitute the first guess to the radiances used to compute the source-term part of the 

equation of radiative transfer. The code then iterates on computing the radiances for each 

view direction at each level. 

To evaluate the effect of BRDF retrieval errors on the calculation of TOA 

radiance, the Jacquemoud phase function was calculated for each of the 10 model cases in 

this study. This was done by fitting the Jacquemoud phase function (2.9) after calculating 

the phase angles for each data point for each BRDF model. In the case of the Hapke 

models, the Jacquemoud phase function fit the data in all cases to better than 4.1% 

standard deviation. A new phase function was calculated for the original Hapke model 
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and all four perturbed cases. Each phase function was normalized to its value for a phase 

angle of 60-degrees, which corresponds to a nadir viewing angle. This normalization was 

performed because the BRDF values used in this study will be nadir-normalized in all 

cases. The ratio of each of the perturbed Hapke model's phase functions to the original 

model's phase function is shown in figure 2.7. 
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Figure 2.7: Ratio of perturbed model phase functions to original phase function for 
Hapke model cases. 0-degrees is the retro-reflection direction 

The Hapke model phases in general are within about 5% of the unperturbed phase 

value for phase angles between 0 and 80 degrees. A large deviation in the ratio between 

the perturbed and unperturbed cases occurs from 100 to 180 degrees in phase. This 
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deviation however is an artifact of the low specular reflection of this Hapke modeled 

surface, as can be seen in figure 2.1 at -60 degrees. The low specular reflection 

component of the Hapke model makes the unperturbed phase very low at phase angles 

from 120-degrees to 180-degrees, making the ratio of phases very sensitive to slight 

changes in the perturbed phase, which is what occurred in this study This effect is 

dramatically illustrated with the effect of the 5% and 10% tilt errors, which in this case 

reduced the specular reflection component of the Hapke model even further as can be 

seen from figure 2.5. It is not surprising therefore that the tilt-error cases produced the 

greatest variation in phase ratio in figure 2.7. 

Similarly, the Jacquemoud phase function was used to fit the Walthall model data 

to better than 0.6% standard deviation in all cases. Phase functions were calculated for 

each of the perturbed cases seen in figures 2.4 and 2.6, and were plotted as a ratio against 

the original model's unperturbed phase in figure 2.8. As can be seen, the greatest errors in 

phase produced by the perturbed models occurs at a phase angle of 180-degrees, outside 

the range of physical phase angles for this surface. Within the physical range of valid 

phase angles for the surface of 0 to 134 degrees, the errors are on the order of 1S% for the 

10% tilt case, 5% for the 5% tilt case, and less than 2% for the just randomly perturbed 

model cases. As with the Hapke model, it is clear that the deviation of phases from the 

5% and 10% randomly perturbed models are less than those from the 5% and 10% 

random and tilt perturbed models. 
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The phase functions from the unperturbed and perturbed cases of both the Hapke 

and Walthall models were supplied to the RTC using atmospheric parameters consistent 

with those for a clear day appropriate for vicarious calibration activities. The aerosol 

optical depth was set to 0.119 and the molecular optical depth was set to 0.067. Results 

were computed at 538 and 550 nm wavelengths for the Hapke and Walthall model sets, 

with solar zenith angles of 60 and 44 degrees respectively and a surface reflectance value 

of 50%. In every case, the TOA radiance was calculated at view angles between -90 and 

90 degrees, to simulate the view of a downward pointing satellite sensor. The TOA 
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radiances from each of the perturbed model cases was ratioed against the TOA radiance 

reported from the unperturbed model case for both Hapke and Walthall models. As with 

figures 2.3 through 2.6, the greatest variations in TOA radiance were found in the 

principal planes, as shown in figures 2.9 and 2.10. 

<u o c 
o 

't3 O 
tr 

•o <u 
o 
E 

1.004 -

1.002 -

10% Random Perturbed 
... 5% Random Perturbed 

10% Tilt Perturbed 
5% Tilt Perturbed 

1.000 

0.998 -

0.995 -

-50 0 
Nadir Angle (Degrees) 

50 

Figure 2.9: Ratio of perturbed model calculated TOA radiances to original model 
radiances for Hapke model cases, •t-60-degrees is the specular reflection direction. 

Figure 2.9 shows that the effects of 5% and 10% random errors in BRDF on the 

calculation of TOA radiance for a satellite sensor are negligible, less than 0.05% in all 

cases. The effect of a 10% tilt or instrumental bias effect on the calculation of TOA is 

significantly greater, but in all cases is less than 0.4%, reaching that level only near the 

specular reflection region at +60 degrees viewing angle. Based on the very low 
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reflectances expected at that angle from figure 2.1 and on the high proportional errors 

displayed in the phase fiinction ratio of figure 2.7 this is an expected result. For the case 

of a 5% bias, the error in TOA radiance drops to less than 0.2% everywhere. 

The ratio of the perturbed model-calculated TOA radiance to the original Walthall 

model was also calculated, and is shown in figure 2.10. As was true with the Hapke 

model cases, the errors resulting from the 5% and 10% randomly perturbed models are 

negligible, in all cases under 0.05% for the unperturbed radiance. The errors from the 5% 

and 10% random and tilt perturbed cases are greater however, peaking at -«-70 degrees at a 

level of 0.4% for 10% error and 0.2% for the 5% tilt error case. The drop in overall 

radiance for the case of a 10% tilt is approximately 0.2% on average, down to less than 

0.1 % for the 5% tilted case. This is due primarily to the drop in phase value in these two 

cases at large phase angles, as is seen in figure 2.8. The lower average TOA radiance in 

these two cases is not surprising given they have on average lower phase values for phase 

angles greater than 50 degrees. 
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radiances for Walthall model cases. +44-degrees is the specular reflection direction. 

2.5 Conclusions 

45 

In all of the BRDF retrieval cases shown here, the effects of up to a 10% random 

error in the BRDF data produced less than a 0.2% effect in retrieved BRDF, while tilt 

errors produced errors on the same level as the tilt. Based on these results, errors in 

calibration that affect the across-array calibration of a BRDF imaging system (such as 

errors in the calibration of the lens function) have a much greater impact on BRDF 

retrieval than pixel-to-pixel gain variations. When these BRDF uncertainties are used as 

inputs to the radiative transfer code, they cause errors due to tilt of less than 0.4%, near 
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the specular reflectance peaks. These errors are much lower for cases of only random 

error, causing at most a 0.05% effect at some angles in all cases for up to a 10% random 

error. 

Based on these results, it appears that the calculation of TOA radiance is 

insensitive to the effects of random errors in BRDF retrieval, but is moderately sensitive 

to system-wide bias-type errors for the number of pixels in the array simulated in this 

analysis. To calculate TOA radiance to better than 0.1%, tilt errors must be under 5% 

across the system, while pixei-to-pixel variations across an imaging detector can be as 

high as 10% without a significant impact on the retrieved radiance. 
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CHAPTERS 

INSTRUMENTATION 

3.1 General Description 

The BRDF camera system in this work is composed of aI80-degree field-of-view 

fisheye lens connected to a CCD camera which interfaces to an electronics box and 

portable computer system. The lens contains four interference filters that approximate 

Landsat Thermatic Mapper bands 1, 2, 3, and 4. The CCD array is a 1024-by-l024 silicon 

detector that is thermoelectrically-cooled. Bulk absorption filters in the optical path limit 

the amount of light onto the array. The computer is a portable laptop type system 

containing a digital-signal processing board. The resolution of the system is 14 bits. The 

total weight of the system including CCD camera, lens, electronics box, computer, tripod 

and boom is approximately 35kg. A schematic of the system including its cooling system 

is shown in figure 3.1. 
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Figure 3.1: Schematic of the BRDF camera system. Camera and 
fisheye lens are connected to boom and tripod for field use 
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This chapter describes the lens, camera, and computer system of the BRDF 

camera. The selection of the lens and its properties, the CCD array, and of the filters used 

in the system are discussed. The setup and use of the instrument in the field and the 

selection of appropriate target sites for the camera are also discussed. 

3.2 Fisheye Lens 

The camera system in this work uses an 8-mm focal length, 180-degree field of 

view, Nikon "fisheye" lens for imaging. The lens is attached to the CCD camera as shown 

in figure 3.2. Distances along the focal plane correspond linearly with angular subtenses 

in object-space for this lens. The lens is 15.5 em in length with a front aperture of 12.7 

em, with a weight of approximately 1 kg. Focus settings and f-number settings can be set 

on the side of the lens. For all of the images taken in this work, the focus is set to 0.3 

meters for best focus. The f-stop is set to 2.8 to increase the angular extent of the cone of 

light into the optical system. This is done to reduce the effect of dust in the optical path 

Figure 3.2: CCD Camera and fisheye lens. 
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shadowing elements of the CCD array. A manual filter wheel containing four interference 

filters is built into the base of the lens. The lens is equipped with a Nikon bayonet mount 

for attachment to the CCD camera head. 

The nominal degrees-per-pixel ratio on the image plane of the lens was calculated 

by imaging a regularly-gridded target at various distances from the front aperture of the 

camera system. The grid target was placed on a level platform and was imaged with the 

BRDF camera tripod raised to its maximum height. The separation between the camera 

and target was 137 em in this configuration. This distance was measured with a ruler 

from the target to the base of the camera housing with a measurement uncertainty of 0.25 

em. The BRDF camera system was then lowered to its minimum height at distance of 97 

em above the target which was imaged again as seen in figure 3.3. 

Figure 3.3: Image of grid target taken at a separation of 97 em. Note the lens 
distortion, and the shadow of the instrument in the image. 
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To calculate the longitudinal pixels-per-degree ratio, the assumption of a 

geometrical optical system is made, for which the ratio between the angle subtended by a 

given target in object space to the angle produced by the image on the image plane is the 

same [Hecht, 1998]. For a physical optical system, the angular subtense of the image is 

directly proportional to the size of the image on the image plane. In this test the image 

size was measured in terms of pixels on the CCD array in the image plane, with an 

uncertainty of 1 pixel. The pixels-per-degree ratio for the BRDF camera distortion model 

was computed by solving the geometrical relation 

Ratio = Size(Pixels) 
tan-i(Object_S^) (3.1) 

D-A 

Where D is the distance measured from the base of the camera housing to the target in 

cm, A is the offset distance from the base of the camera housing to the exit aperture of the 

system in cm, and the object size is the physical size of the rulings being measured by the 

system in cm. D - A is the distance from the exit aperture to the target and is the critically 

important distance for computing the angular subtense of the object in object space 

[Dereniak, 1996]. The offset distance A was calculated by solving for the ratio at two 

different distance Ds, with the physical assumption that the ratio does not vary with 

object distance. The offset distance was found to be 86.3 cm for this lens with an 

uncertainty of 0.5 cm. The pixels-per-degree ratio was then calculated at 80 positions 

across the x- and y-axis of the imaging system by using (3.1). The results of this 
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calculation for the y-axis of the image in figure 3.3 is shown in figure 3.4. The 

assumption of a linear distortion model was made based on this data, and a linear fit was 

made. The pixels-per-degree ratio is the slope of the linear fit and was found to be 5.8 

with an average standard deviation of 0.1 pixels-per-degree. Over the entirety of the field 

of view of the system this amounts to less than a 1.5 degree uncertainty in angle at the 

extreme edges of the image field. As the BRDF camera results shown in this study are 3-

degree boxcar averaged, this uncertainty is not considered critical to the results presented. 

Based on this result, the assumption of a linear distortion model for the BRDF camera 

system is justified. 
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Figure 3.4: Calculated field angle versus pixel position in the y-axis of 
the camera system. 



The fisheye lens contains a manual filter wheel carrying four wide-bandpass Barr 

Associates interference filters. These filters were selected to be equivalent to Landsat 

Thermatic Mapper bands 1, 2, 3, and 4 for the purpose of vicarious calibration. The bands 

are centered at 470, 575, 660, and 835 nm, with bandwidths of 50,70, 70, and 100 nm 

respectively. Interference filters are subject to spectral shifts when the incident 

illumination has a non-zero angle of incidence onto the filter [Macleod, 1989]. This 

spectral shift can be accounted for by calculating the change in bandpass due to the 

expected cone of light entering the filter. The filters used in this study are located at the 

base of the fisheye lens, where the maximum expected cone of incident light has a width 

of 16 degrees. The resulting spectral shift is found for incident angles of light less than 30 

degrees by the approximation 

Ag = — (3.2) 
K 2n2 

where Ag is the ratio of the shift in wavelength A, at a particular wavelength over Xq  0i 

is the half-angle of the cone of incident light onto the fdter, and n is the effective index of 

refraction of the filter [Macleod, 1989]. The spectral shift was calculated for a worst-case 

low-index MgF filter. The index n was set to 1.38, and 0i was set to 8 degrees. The 

resultant spectral shift was calculated to be less than 0.5% for this filter. For the relatively 

spectrally-uniform soil surfaces considered in this work, a spectral shift corresponding to 

less than 0.5 nm is not expected to be a major source of error. 
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3.3 The CCD Camera 

The CCD camera used in this study is an astronomical-grade Photometries model 

CH250L camera. The weight of the camera is approximately 1.5 kg. The front-plate of 

the camera contains a standard Nikon camera-lens bayonet-mount ring, and four 3/32 

inch threaded holes for mounting the camera. Absorbing filters made from 2 mm of NG9 

and a pair of 3 mm BG34 glasses are installed in a custom filter holder inside the camera 

to reduce incident light into the optical system. The BG34 filters were selected because 

they preferentially absorb red and infrared light while passing blue light. The use of these 

absorption filters compensates for the increased sensitivity of silicon detectors to red 

light, allowing all four bands of the camera system to be integrated for the same exposure 

time without incurring saturation in the red and infrared bands [Dereniak, 1993], These 

filters allow the camera to be operated at F/2.8 with an average signal that is at least 100 

times the dark level for a 40% reflectance target at normal illumination with the same 20-

s exposure in all four bands for all soil surfaces considered in this study. These filters also 

allow the camera system to be operated with the RSG's 6-inch and 40-inch SIS systems 

with the same inter-band performance. One of the BG34 filters has been treated with a 

MgF antireflection coating. The filters are stacked in the optical path of the camera with 

this coated filter facing the lens to reduce reflections internal to the camera. The camera 

also contains an internal Uniblltz VS25 high-speed two-leaf shutter. This shutter is 

externally triggered and has an open and close time of 3 and 5 ms respectively. The 

shutter is not expected to adversely impact imagery for the exposures used in this study. 



The camera head contains a 1-inch, 1024-pixel square, thermoelectrically-cooled 

(TE) Tektronix model TK1024 CCD array in the focal plane. The focal plane array is a 

low-noise astronomical-grade CCD with a Metachrome coating for enhanced blueAJV 

performance. The CCD array contains column trap and dead-pixel defects that comprise 

less than 1% of the pixels in the array. The TE cooler for this array keeps the array at a 

temperature of 24IK with a stability of generally better than a degree over a typical data 

collection day. A temperature of 241K keeps the average dark field (offset) DN value of 

the CCD camera below 0.7% of the total signal measured over the targets considered in 

this study for an integration time of 20 seconds. A cooled 50% glycol 50% water mixture 

is circulated through the CCD camera to remove waste heat from the TE cooler. This 

glycol is pumped through a heat-exchanger submerged in an ice-water bath by a 

Photometries LC200 glycol pump to cool it before being circulated through the camera. 

The CCD camera unit is interfaced to a Photometries CE200A electronics control 

box giving 14-bit radiometric resolution. This control box controls the operation of the 

camera, TE cooler and shutter, and is situated less than 1.5 m away from the camera to 

reduce noise induced in the camera to control box cable. The electronics control box is 

itself interfaced to a Toshiba 6400 portable computer carrying an AT200 Photometries 

Digital Signal Processing (DSP) board. This computer controls the CCD camera system 

through the use of Photometries PMIS camera control software. A routine written in the 

FMIS software macro language is used to acquire camera image and dark field data sets, 

and prompts the user to rotate the filter wheel. 
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3.4 Field Operation 

During field operations, the camera with lens is bolted to the end of a 1-m long, 

fixed boom supported by a tripod, with the camera facing nadir seen in figure 3.3. The 

mass of the boom and tripod is approximately 25 kg. This boom allows the fisheye 

camera system to have an unobstructed view over 75% of the full-field of view of the 

system, but obstructs the field of view on one side of the image with the presence of the 

tripod legs. The system is leveled to within one degree with bubble levels, with the nadir 

point centered in the field of view. Adjustments to leveling are made by adjusting the 

height of the tripod's extendable legs. 

Figure 3.5: BRDF camera system in use. The 
cooler contains ice bath for circulating glycol. 

Data are collected over a 6-m diameter clear ground area representative of the 

much larger vicarious calibration target. The camera system is operated at a height of 1.5-

m, at which height a single CCD pixel samples 0.52 em of the ground at nadir-viewing. 
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The boom arm is pointed south to minimize shadows cast by the instrument at the time of 

the day of the vicarious calibration. The boom orientation is measured by magnetic 

compass and is corrected with magnetic deviation information from USGS tables. BRDF 

data are collected sequentially for all bands with nominally 20-s exposures with a dark 

field measurement taken after the four images in each data set. Exposure times can be 

altered based on site reflectance and time of year to produce on average no greater than 

60% of the saturation DN level during data collection. This precaution is taken to avoid 

saturated pixels in the camera images near specular reflections. 

Data collection begins when the solar elevation angle reaches 10 degrees and 

continues at 10-15 minute intervals until solar noon. This is done in order to acquire 

BRDF data with a broad sampling of solar illumination angles at approximately 10 

degree intervals. This interval was chosen as it is consistent with the RSG's measurement 

of reflectance panels in the lab. The entire system is capable of being moved to different 

locations around a vicarious calibration site to provide spatial sampling, and has operated 

with power from a portable gasoline generator as well as from line power. 



CHAPTER4 
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CALroRATION AND CHARACTERIZATION 

Digital camera systems have the advantage over non-imaging radiometers in that 

they can simultaneously sample over a large number of view angles rapidly, and without 

the need to mechanically rotate the detector. This ability to sample over many nadir and 

azimuth angles allows the BRDF of a surface to be retrieved with less need for 

interpolation between data points as compared to non-imaging goniometers [Lyapustin, 

1999]. The fact that the BRDF is measured by the detector system over a complete range 

of viewing angles simultaneously also gives imaging systems the advantage over 

goniometers that the same illumination geometry over the course of a measurement is 

seen at each data point [Kriebel, 1976]. This makes comparisons between data at 

different view angles taken by different elements of the detector array during a single data 

collection for the purpose of BRDF retrieval less susceptible to changing solar angle and 

atmospheric conditions. 

Scientific use of such imaging systems requires the individual calibration of each 

detector element of the camera system. Gain and offset parameters for each pixel of the 

imaging array must be retrieved experimentally, and then used to perform a 

pixel-by-pixel correction of the data. This allows variations due to the differences in gain 

between individual detectors to be removed from the data. 
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The determination of a pixel by pixel calibration of the array can be viewed as 

two separate components. One of these is the determination of the gain and offset for 

each individual CCD detector. In addition to this calibration of the detector array, 

imaging systems also require the characterization of the optics. The effect of the lens-

function transmission must be evaluated to allow the comparison of data collected at 

different points on the image field. An evaluation of the point spread function (PSF) of 

the optics is required to evaluate the imagery of any optical system in general, and is also 

needed in this case to determine the minimum angular resolution for BRDF retrieval or to 

correct for these effects. Stray light due to reflections in an optical system can reduce 

contrast in retrieved imagery and must be evaluated. In addition, imaging systems are 

subject to polarization effects due to Fresnel transmission at all air-glass interfaces in the 

optics. These effects must be characterized and their impact on BRDF collection 

examined as reflected sunlight from soils may also be polarized [Gibbs, 1993]. 

This chapter describes the methods used to evaluate the linearity, gain and offset 

values for the BRDF camera's detector array, as well as the process used to obtain 

information about the system's PSF, stray light, and polarization responses. The impact 

of these system parameters on the retrieval of BRDF data using camera systems in 

general is examined. 
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4.1 CCD Array Linearity and Gain 

4.1.1 Methods 

Relatiye gain and offset are the primary detector parameters tested in this linearity 

study. An idealized expression for the output of the CCD of the form 

t (4.1) 

is initially assumed to hold for each pixel, where DN^^ ^ is the digital number for 

pixel(x,y), t the integration time, O^y the offset DN for each pixel, and the gain 

[Tsipis, 1986]. Incident power, <I>, is giyen by 

(D^y= JIL X A^y-^ X [1 - (-1)2 + - ...] (4.2) 

where L is the radiance from a lambertian source that is spatially homogenous, R the 

distance from the aperture to the detector, A the area of the detector element, and r the 

radius of the aperture [Slater, 1980]. For the case where the size of the source is much 

less than the distance to the source, (4.2) simplifies to 

^ ̂  (4^) 

which is the case for a point source. 
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Equation (4.1) suggests that a calculation of relative CCD gain can be obtained by 

increasing integration time t, while keeping the source distance R and the offset O 

constant. In practice however, linear changes in the exposure time can give non-linear 

changes in output. An alternate method to evaluate the gain of the detector is to change 

the radiant flux on the detector <I> while holding the integration time constant. This can be 

accomplished by changing the source distance. The largest source of error in this method 

is typically the measurement of the source. Varying the source distance and integration 

time simultaneously, however, yields an indication of system linearity and this is done in 

this study to evaluate the properties of the CCD detectors. 

4.1.2 Source for linearity studies 

A 6" diameter Spectralon^*^ spherical integrating source (SIS) illuminated by 

either a 30-Watt or 125-Watt internal halogen lamp was used as the radiance source in 

this study. This SIS has been shown experimentally to be stable to within 1 % for visible 

wavelengths after a one hour warm up time [Biggar, 2000]. A 1000 x 500-mm light 

baffle with a 1.5-mm aperture at its center was placed 100-mm from the 50.8-mm open 

aperture of the SIS. The CCD camera, without the lens attached, was positioned 695-nmi 

in front of this baffle. Liberal use of matte-black paper on all surfaces minimized stray 

light effects. 

The parameters A, L, and r from equation (4.2) are assumed constant for this 

experiment. According to (4.2) the amount of departure from the inverse square law 

expected due to the source size of 1.5-mm is less than 1.15 x 10"^% for the distances used 
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here. Using equation (4.3) we can expect a 0.03% decrease in irradiance at the edge of the 

CCD array versus the center at a range of 695 mm, and less than a 0.5% drop off at 173 

mm, the smallest value of R used in this linearity study. 

4.1.3 Offset Correction 

In all cases in this work, offset data are obtained by integrating the detector signal 

with the shutter closed. The integration time is the same as the integration time for the 

image to be corrected. The data collected when an offset data set is collected can be 

viewed as an image and will be referred to as an 'offset image' in this work. Averages of 

offset values for a given pixel are collected every fifteen minutes over a period of six 

hours during outdoor use show less than a 2.5% standard deviation. In addition, these 

data show less than a 2% standard deviation spatially between pixels in each image. This 

amounts to a 2 DN spatial noise in the system, which is representative of the random 

component of the overall dark field noise contribution in any given image. A mapping of 

defective pixels with offset standard deviations greater than 10 times that of the average 

was generated using these results, and is used to mask out these high noise pixels. A 625 

X 625 pixel example area of the offset matrix is shown in figure 4.1. 



Figure 4.1: 625 x 625 pixel offset image from center of CCD 
array. High standard-deviation pixels are masked out and 
appear black. 

4.1.4 Translation Experiment 

The CCD array was tested without the fisheye lens system to determine the 

linearity of the array's detectors. The camera head was mounted facing the 1.5-mm 

aperture. The CCD and SIS were turned on and allowed to stabilize for a period of one 

hour before the start of the experiment. 
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The CCD camera without the lens attached, was then translated toward the source 

and measurements were taken at distances of695, 608,521,347,206, and 173 nun while 

keeping the center of the array centered with respect to the point source. For a distance of 
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173 mm the source is still effectively a point source as assumed in (4.2), with the 

deviation of the irradiance from the point source case being less than 0.0019%. The 

distances measured for this experiment were determined by the use of a fixed scale 

mounted on the optical table parallel to the direction of motion, with an uncertainty in 

measurement of 1 nmi. At each position, data were taken at 30,60, and 120 s exposure 

times. These exposure times are consistent with the use of the full camera system 

including the lens in the field. Offset images were taken at each position and exposure 

time and were subtracted from each data set prior to determining the linearity. 

The averaged-DN values for a 625 x 625 pixel inscribed square in the central 

illuminated area of the array are presented in figure 4.2, as a function of the inverse 

square of the distance. The standard deviation of the average of the DN values of the 

individual CCD pixels is displayed as error bars. Many of the error bars, especially those 

at large distances, are smaller than the symbols in the graph. The maximum standard 

deviation is 293 DN, for the shortest distance and shortest integration time, this is 4% of 

the averaged maximum value of the data. The peak percent value of standard deviation 

for all three exposures is 6.5% and occurs at 695 nun from the sphere aperture in the 

lowest signal level case. 
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Figure 4.2: DN radiance levels averaged over 625 x 625 pixel array central area for three 
exposure settings versus range"^. 

To evaluate (4.3) over the data taken in this experiment for the ranges and 

exposure times measured, the data were normalized with respect to exposure time and 

range to the point source. This was done by using DN* =DN x RVt where DN* is the 

normalized DN. The effect of the l-mm measurement precision during the experiment is 

shown as error bars. The normalized DN for the experimental data from figure 4.2 are 

shown in figure 4.3. The results show an average difference about unity of 0.001% with a 

standard deviation of 0.1% for the three exposures, indicating a high degree of linearity in 

the system with respect to range in (4.3). The standard deviation about the mean for all 

1 20s Exposure 

60s Exposure 

30s Exposure 

•* 

-x 



65 

three exposures individually is also 0.1% suggesting the overall exposure time non-

linearity is low, and of the same order as the non-linearity based on range. The greatest 

differences can be seen in the data farthest from the aperture, which suggest a significant 

non-linearity of 0.4% for CCD array at low radiance levels. The data showing the greatest 

deviation from linearity are at low radiances where the dark current is more important, 

suggesting this deviation may be a consequence of poor signal to noise. The consistency 

of the range-normalized values versus exposure normalized values in figure 4.2 suggests 
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Figure 4.3; Range and exposure normalized DN* values for three exposure times at six 
distances from the source. Error bars show the effect of a 1-mm positioning uncertainty 
on normalized radiance. 
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that varying the exposure time in (4.1) is a valid method of increasing incident irradiance 

for the purpose of evaluating the linearity of the CCD array. 

4.1.5 Integration Time Experiment 

To determine the linearity of each pixel in the CCD array using (4.1), by varying 

exposure time, the CCD camera system was fixed in place 700 mm from the SIS. The SIS 

was operated with the 125 W lamp and the 1.5 mm aperture. At this distance the aperture 

is effectively a point source as was discussed earlier. Data from the CCD array were 

collected at exposure times of 10, 20, 30,40, SO, 60, 120, 180, and 240 s. These exposure 

times were chosen as they take the CCD array from a signal level of well above the dark 

current level to avoid nonlinear ejects, to a value just under the system's saturation level 

of 16,383 DN. These exposure times produce DN levels that span 94% of the CCD 

array's dynamic range. CCD offset levels integrated at each exposure time were 

subtracted from each data set. The total change in average dark current level from shortest 

to longest integration time was 240 DN. 

The results are presented in figure 4.4. As before, the average value of the central 

625 X 625 pixel area of the CCD array are displayed for each exposure setting. The 

standard deviation of the individual CCD pixel values from the average are shown as 

error bars on this graph. These deviations range from 3.7% of the total DN level for a 

240-s exposure to 5.4% of the total DN level at 20-s exposure. The standard deviation at 

10-s exposure was found to be 60%, 11 times greater than for the 20-s exposure. This 
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effect is due to the expected poor signal-to-noise ratio at this low radiance level. For this 

reason the 10-, 20-, and 30-s exposures were excluded from the gain calculations. 
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Figure 4.4: Average DN levels per exposure time for exposures of 10, 20, 30,40, 50, 60, 
120, and 240 s. 

Assuming the linear form of (4.1), a linear fit was done to ±e data in figure 4.4. 

The linear fit diverges from the data with an average difference of 0.21 % and standard 

deviation of 0.46%. The maximum difference of 1% between the data and the linear fit 

occurs only at low signal levels. This level of non-linearity is within that expected for 

typical astronomical grade silicon CCDs [Tsipis, 1986]. Therefore, the assumption of 
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gain linearity to 0.21% was made in this study. The level of non-linearity at low sensor 

DN radiance levels is consistent with the spread in calculated DN* values seen in figure 

4.3 for the three low signal cases. This result suggests that only the upper 88% of the 

CCD's dynamic range should be used for imaging. 

4.1.6 CCD Relative Gain Determination 

A 40" diameter Labsphere^'^ spherical integrating source (SIS) illuminated by 4 

150-Watt halogen lamps was used as the radiance source in this study. This SIS has been 

shown experimentally to be stable to better than 0.1% for visible wavelengths after a 

four-hour warm up time [Zalewski, 2000]. The BRDF camera system was positioned 

inside the 14" aperture of the SIS to provide illumination over the entire CCD array for 

the gain calibration experiment. 

To evaluate the relative gain of the individual pixels in the CCD array, the camera 

was tested without the fisheye lens attached. The BRDF camera head was placed with the 

front aperture of the camera centered 3 cm inside the aperture of the SIS. The SIS was 

turned on and allowed to stabilize for a period of four hours before the start of the 

experiment. Ten images were taken with an exposure time of 300 ms. This exposure time 

was chosen as the CCD array maximum central DN level was high enough above dark 

current level to avoid nonlinearities, and was 15% below the saturation point of 16,383 

DN. Offset levels were removed from the data by subtracting out the offset image from 

the data image. 
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The CCD camera without lens has a 5.08 cm diameter front aperture with the 

CCD array located 3.7 cm inside the camera head. The uncertainty in measurement of this 

distance was 0.1-nmi. A cosine"* correction was done on the data to correct for the 

radiance pattern on the array as a result of the aperture [Dereniak, 1996]. The maximum 

error in this cosine correction due to the uncertainty in measurement occurs at the edges 

of the CCD and is 0.4%. The result is an image where the value of each pixel is 

proportional to its gain. The average deviation of each pixel from its average value over 

the ten images is 0.2%. The spatial variation of the relative gain across the array is 

approximately 2% about the mean, shown in figure 4.5 for a 200 x 200 pixel area.. The 

image in figure 4.5 is stretched such that 2% below the mean is black and 2% above the 

mean is white. This relative gain mapping is also used to generate a map of defective 

detector elements which can be masked out in data sets. The dark spots in the relative 

gain map have gains on average approximately 20% below the average and correspond to 

dust particles and other contamination trapped in the system. Once this gain mapping is 

obtained, nonuniformities can easily be corrected in camera data sets. 

To evaluate the relative gain calculation, the lens was attached to the CCD camera 

and the SIS was imaged. The offset image was subtracted and the gain correction was 

then applied to the image. For this test, the SIS was assumed to be uniform in reflectance 

over a small area. A 100 x 100 patch of pixels about the center of the array corresponding 

to a 16 X 16 cm square on the wall of the SIS was examined and compared to the original 

uncorrected image. The standard deviation of pixel values for this small patch of 



integrating sphere decreased by 20% after gain correction, which was expected for a 

small area of uniform reflectance. 

Figure 4.5: Spatial variation in gain. Note dark spots due to 
contamination. 

4.2 Lens Function 

4.2.1 Methods 
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The BRDF camera system lens function is characterized in the laboratory using a 

6" SIS with 2" aperture illuminated by a 30-W halogen lamp. The SIS was placed 100 em 

from the camera system which was mounted on a rotation stage. At this range the SIS 

aperture illuminates a 22-pixel diameter spot on the CCD on axis. The CCD camera 
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system was then rotated from -90 to +90 degrees off axis in increments of 10 degrees in 

the x-axis plane of the CCD. Data were taken in all four bands at each position. Offset 

images were taken and subtracted from the data sets. The camera system was then rotated 

90 degrees about the z-axis of the CCD, and the measurements were repeated in the y-

axis plane of the CCD. For each measurement only the central 8x8 pixel area of each 

source image was used for the lens function characterization to minimize the impact of 

PSF effects on the result. 

A fourth order cosine fit of the form 

T(0) = a + b cos(0) + c cos^(0) + d cos^(0) + e cos'^CO) (4.4) 

as suggested by Slater [1980] was made to the data in each axis for each band to 

approximate the lens function of the camera, where T is the lens function, 0 is the field 

angle with respect to the optical axis of the camera, and a, b, c, d and e are coefficients 

determined from a least-squares fit to the data. An example result for the 660 nm band in 

the y-axis and x-axis planes is shown in figure 4.6. The cosine function fits the data to 

better than 0.01% with a standard deviation of 1.1%. The ratio of the y-axis polynomial 

to the x-axis polynomial for the lens system shows that the lens function is circularly 

symmetric with respect to the x and y planes to better than 0.1% on average, with a 

standard deviation of 0.3%. This result suggests that the lens function is very symmetric 

about the z-axis of the system. 
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Figure 4.6: Lens function data and fourth order cosine fit. 
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Assuming that this level of symmetry is representative of the overall lens function 

of the camera, a two-dimensional fourth-order cosine surface based on the average of the 

x- andy- axis functions is generated for each band of the camera system and is used to 

divide out the effects of the lens system for over the full camera field. This was tested by 

rotating the camera system 45-degrees about the z-axis of the system, with data taken 

every 20 degrees between -80 and +80 degrees with respect to the optical axis. The 

difference between data in this axis of the system and the fourth-order cosine function 

( 4.4) derived from the x and y axes only was found to be less than 0.1% in all four bands, 

which is an indication of the validity of the assumption of spherical symmetry. 
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4.3 Calibration Error Analysis 

The output of any pixel in the detector array is a function of the CCD gain and 

offset parameters, as well as the fisheye lens function. This signal at a pixel(x,y) can be 

represented with a modified form of equation (4.1) as 

G^ yX T^ y X t + (4^) 

where DN^ y, O, y, G, y and <I», y are defined as before, and with T, y defined as the lens 

function of the pixel. 

The BRDF functions retrieved in this work are normalized with respect to a nadir-

viewing sensor. Therefore the calibration errors considered are those that affect the 

relative DN across pixels. These errors are due to miscalibration in the gain term, in the 

lens function, and in the offset correction. 

The offset term is collected for each pixel during each data collection of the 

BRDF camera system. This term has been found to be stable to better than 2% over a 

period of 6 hours in the field. This corresponds to at most a 2-DN uncertainty in the offset 

for any given pixel. Based on the result of the linearity study, signal levels of 2000 DN 

are the lowest DN values considered. Therefore the effect of the offset uncertainty is 

below 0.1 % for all data considered in this study. 
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Using error propagation, the uncertainty in relative DN between pixels is 

<'Kx.y)= [o'sis-6^o'o(x.y)^<^. nofiiin •^^"515-40"^® cos*'^®'cKx.y)"*'®~T(x.y)^^"^^ (4.6) 

where is the root mean squared (rms) uncertainty in the relative calibration of the 

pixel (x,y), Cs,s^ is the uncertainty due to changes in the output of the 6" SIS during the 

course of the lens-fiinction characterization experiment, <To(x,y) is the uncertainty caused 

by changes in the offset value between pixels for a minimum average signal level of 2000 

DN, is the error incurred by the linear gain assumption for the pixels, as,s_io is the 

uncertainty due to changes in the output of the 40" SIS during the course of the gain-

calibration experiment, is the effect of measurement uncertainty on the cosine^ 

correction done to calculate gain, crG{x.y) is the uncertainty in the relative gain term, and 

is the uncertainty of the lens function polynomial [Dereniak, 1996]. Given the 

values calculated in this study 

<^r<x.y) = [ 1 -6 1 ̂ «'o(x.y, -0.1 
(4.7) 

a total of 1.1% in the relative calibration of the BRDF camera system is computed. 
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4.4 Stray Light 

The presence of stray and reflected light in an optical system has many effects on 

imagery, the chief of which is the reduction of image contrast [Johnson, I960]. The effect 

of stray light on BRDF camera imagery was tested by illuminating the camera with lens 

attached by the 6" SIS with 2" aperture illuminated by a 30-W halogen lamp. The SIS 

was placed 100 cm away from the camera system which was mounted on a rotation stage. 

At this range the SIS aperture illuminates a 22-pixel diameter spot on the CCD on axis. 

The CCD camera system was then rotated from -90 to +90 degrees off axis in 10 degree 

increments in the x-axis plane. Images were taken at each position and offset images were 

subtracted from the data sets. Stray light artifacts were located by comparing camera 

images taken at different angles relative to the SIS source. The predominant stray light 

effect was a reflection of the source in each image. The magnitude of this effect was 

found by taking the ratio of the DN radiance of the stray light artifact to the DN radiance 

of the SIS source image. The maximum relative radiance of the artifact was found to be 

less than 0.3% occurring when the source and reflection are at the center of the camera 

field in all four bands of the system. The stray light effect decreases to less than 0.1 % for 

cases where the illumination and reflection occur at the edges of the FOV of the system. 

The integrated stray light effect was tested by summing the 17 test images and evaluating 

the ratio between the change in DN over background at a given unilluminated pixel 

versus its DN when illuminated. This ratio was found to be less than 0.1% on average for 

pixels in the image, indicating a low stray light contribution to overall image quality. 
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4.5 Point Spread Function 

The point spread function (PSF) or response of a system to a point-radiator, is an 

important criterion of image quality [Gaskill, 1978]. The PSF of a system is directly 

related to the modulation transfer function of the system and therefore to its spatial 

frequency response. The PSF of a system describes the degradation in signal received at a 

detector element by objects outside the detector's field of view [Slater, 1980]. In the case 

of the BRDF camera, the PSF provides an estimate of the smallest angular increment that 

can be independently resolved. 

To test the PSF of the BRDF camera system, the camera with fisheye lens was 

mounted on a rotation stage 700 mm in front of the SIS with the 1.5 mm aperture. At this 

range the aperture subtends approximately 0.12 degrees, approximately half the FOV of 

one pixel of the detector array, making it a point source [Dereniak, 1996]. This point 

source was imaged onto the detector array at field angles of 0, 20,45 and 70 degrees off 

the optical axis. Offset images were taken concurrently with the data and were subtracted 

out. The result for the on-axis case of 0-degrees is shown in figure 4.7. 

For the on-axis case, the PSF has a full-width at half-maximum (FWHM) value of 

1.5 pixels in the x direction, and a FWHM of 3 pixels in the y-direction. These values 

correspond roughly to a 0.3 x 0.6 degree ellipse in object space. The level of the dark 

field readings in the x- and y-directions are reached at full widths of 10 and 14 pixels 

respectively. 
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Figure 4.7: X and Y axis profiles of on-axis PSF. Note: the profiles show the elliptical 
shape of the PSF on axis. 

At larger field angles, the size of the PSF changes as shown in figure 4.8. The full 

width drops to 9 pixels for both x- and y-axis profiles at an angle of 45 degrees, and then 

rises to 15 pixels at 70-degrees off axis. This result suggests that BRDF data taken at a 

point 70-degrees off axis in the camera field are affected by the radiance of pixels in an 

ellipse of a major axis equaling 15 pixels in length that surround that point. This region 

defines the smallest increment of data that can be independently resolved by the camera 

system. The retrieved radiance values taken by the BRDF camera system should therefore 
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be averaged over a region 15 pixels wide to account for the worst-case spatial blurring 

due to the system's PSF. This corresponds with an angular averaging window 3 degrees 

wide in object space. 
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Figure 4.8: PSF X and Y axis full widths versus field angle. 

It is not expected that the system PSF will greatly affect the retrieval of BRDF, 

since the BRDFs of the surface types usually encountered by the RSG are smoothly 

varying. To examine the effect of the camera system's PSF on the retrieval of BRDF data 

in the field, a model BRDF function was generated and convolved with the PSF function 

X—Axis 
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of figure 4. 7. The BRDF model used in this study was the one derived for soils by Egbert 

[ 1977]. The model has been compared against field data collected over various bare soil 

surfaces of different roughness and has shown good results [Irons, 1992]. This model was 

used to generate an example BRDF function for a solar zenith angle of 45 degrees, using 

soil parameters for a soil surface of intermediate roughness. This data set was chosen for 

its compatibility with the RSG' s use of the BRDF camera in the field. The model is 

plotted as an image in figure 4.9. 

Figure 4.9: Egbert BRDF model for a surface from +90 to 
-90 degree viewing nadir angles. The center of the image 
corresponds to nadir viewing. The bright spot to the left side 
of the image is the specular reflectance peale 
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The BRDF generated by this model was then convolved with the empirically-

obtained 15-pixel wide PSF function from figure 4.7 to generate a simulated image of a 

data set retrieved by the BRDF camera operating with a 3-degree average. This image 

was then ratioed against the unconvolved original BRDF function to create an error 

mapping. The greatest errors generated by the convolved image were seen to occur along 

the principal plane near the sharp specular reflectance peak at -45 degrees as can be seen 

in figure 4.10. The level of this error is 0.2%. The effect around +30 degrees is an artifact 

of a sharp reflectance boundary in the model and does not correspond to an expected 

terrain feature. It is expected that retrieved BRDFs outside of sharply defined reflections 

will not be affected by the PSF of the camera system to more than 0.1%. 
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Figure 4.10: The ratio between the Egbert model BRDF of figure 4.9 and 
BRDF convolved with the PSF of figure 4.7, in the solar principle plane. 
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4.6 Polarization Characterization 

Polarimetry is a useful tool for measuring the instrumental polarization of optical 

systems. The method used to evaluate the polarization effects of the BRDF camera is one 

based on the incomplete sample-measuring polarimeter as described by Chipman [1995], 

where the lens and detector element together are measured as a system. The BRDF 

camera system was tested for polarization effects by mounting the camera on a rotation 

stage 695 mm in front of the 6" SIS with a 50-mm diameter, rotating linear polarizer plate 

mounted 40 mm in front of the aperture. The camera system was rotated through field 

angles of 0, 20,45 and 70 degrees with respect to the normal. Data were collected at each 

field angle at polarizer angles of 0, 23,68,90, and 1 l3-degrees, with respect to the 

vertical linear polarization. A data set was also taken at each of the four field angles 

without the polarizer in the optical path. Offset images were taken and subtracted from 

the data sets. 

The average signal value at each field angle was normalized against the 

unpolarized signal. The average on-axis value of the normalized DN is approximately 

43%, which is consistent with the expected value for an ideal polarizer with reflectance 

losses at each surface. The DN levels at a field angle of 0-degrees for all polarizations 

tested have a standard deviation of less than 0.3% from this average value, indicating no 

significant polarization preference in the system for on-axis viewing. This value was 

taken to be an indicator of the degree of precision of the experiment. The two 

polarization orientations yielding the maximum and minimum radiance levels relative to 
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the unpolarized light case are the 0- and 90- degree polarization orientations of the 

polarizer, correspond to horizontal and vertical polarization respectively, as seen in figure 

4.11. 
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Figure 4.11; Minimum and maximum polarization cases normalized to unpolarized 
light. 

These are the expected maximum and minimum transmittance polarization orientations 

given a polarization model of a series of flat glass interfaces for the lens system 

[Macleod, 1986]. The curves in figure 4.11 therefore represent the BRDF camera system 

transmission of vertically- and horizontally-polarized incident light [Bom, 1980]. 
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It can be seen that the camera system has no preferred polarization orientation for 

the on-axis case. The increase in instrumental polarization off axis as a fimction of 

incidence angle can be calculated by using the degree of polarization 

^Min 
L +L 

max nrin 

where L is the received radiance at a given polarization as a function of incident angle 

[Genda, 1978]. Figiue 4.12 shows that as the entrance angle of the incident light increases 

the degree of polarization increases from 1% at 20 degrees off axis to 19% at 70 degrees 

off axis. The mean DN level with respect to the maximum and minimum deviations, 

however, changes by an average of less than 0.1% over the entire range of field angles 

suggesting that the radiance retrieval of a beam of unpolarized light (i.e., light polarized 

equally in both orientations) would not be significantly affected by this polarization 

sensitivity. 
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Figure 4.12: The degree of polarization versus camera field angle 
The effects of the polarization of incident light onto a detector that itself possesses 

polarization sensitivity has been a topic of concern for some time [Robertson, 1972]. To 

evaluate the impact of the BRDF camera's polarization effect on overall BRDF retrieval 

it is necessary to evaluate the polarizing properties of soil reflectance under various 

illumination conditions. The model chosen for this study was that produced for the 

REFPOL polarimeter, and is based on Fresnel reflection from a flat soil surface. This 

model has shown good agreement with data collected in the field over several bare soil 

targets [Breon, 1995]. A real optical index of refraction of 1.5 was used to generate a 

mapping of the Fresnel reflection coefficients for light polarized parallel and 

perpendicular to the plane of incidence. The sun was assumed to be an unpolarized source 

Polarization versus Field Angle 



for this study and the contribution of circularly polarized light was assumed to be 

negligible. This is a reasonable assumption for terrestrial viewing of non-conductive 

surfaces where the imaginary index of refraction is negligible [Egan, 1989]. The effects 

of polarized light reflected from the soil incident into the camera system were calculated 

for solar zenith angles of 0,45, and 70 degrees. These angles are consistent with the solar 

angles sampled during typical field measurements with the BRDF camera. 

The highest degree of polarized reflection was found to be 27% and occurred at a 

viewing angle of 70 degrees in the solar direction in the principle plane, for a solar zenith 

angle of 70 degrees. To present the worst-case retrieved BRDF scenario, all further 

results are presented for the principal plane. The bidirectional polarization distribution 

functions (BPDF) for parallel and perpendicularly polarized light were calculated as a 

function of receiver angle for three sets of solar zenith angles, using the REFPOL model. 

These model values were multiplied by third-order polynomials fit to the respective 

polarization transmittances of figure 4.11, which were assumed to be smoothly varying 

functions [Borne & Wolf, 1993]. The results of the parallel and perpendicularly polarized 

light transmittances into the camera system were summed to produce a total retrieved 

reflection coefficient as a function of camera field angle. This result was compared 

against the overall BRDF calculated assuming an unpolarized receiver. The difference 

between the BRDF camera retrieved reflection coefficient and the modeled reflection 

coefficient can be seen in figure 4.13. The contribution of system polarization to BRDF 

retrieval can be seen to be less than 0.3% at a zenith angle of 0 degrees, but rises to 2.8% 
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at 70 degrees off axis for a solar zenith angle of 70 degrees. From -20 to +20 degrees off 

axis the effect is less than 0.1% in all cases as could be expected from figure 4.12. 

Clearly, the polarization of the optical system has a significant impact on the retrieval of 

BRDF for large incident and view angles. 
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Figure 4.13: Losses due to polarization of the camera system versus field angle for three 
solar zenith angles. 



CHAPTERS 

87 

DATA PROCESSING AND RESULTS 

Digital camera systems have the advantage over goniometer-based systems used 

for the retrieval of BRDF data in that the entire set of view angles are recorded at once, 

without the need for mechanical rotations of the individual detector elements. This 

ensures that the BRDF collected by imaging systems are less affected by changes in the 

atmosphere and in changing illumination conditions during data collection than non

imaging systems [Kriebel, 1976]. This method of data collection is also generally capable 

of taking data at angular sampling intervals closer together than current goniometric 

systems. The BRDF camera in this study acquires data in increments of 0.2-degrees in 

zenith and azimuth, as compared to the 5-degrees increments collected by PARABOLA. 

The BRDF camera completes an entire series of measurements in under two minutes, as 

opposed to ten minutes for PARABOLA [Deering, 1986]. The advantages of an imaging 

system over a mechanical system is, therefore, both the ability to sample over a large 

number of viewing angles and to perform the measurements simultaneously. Discrete 

BRDF measurements produced by such a data collection do not require the level of 

interpolation between measurements to produce a data product as do those produced by 

non-imaging radiometer systems [Lyapustin, 1990]. 
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The viewing angles sampled by the BRDF camera system produces a large 

volume of data points that must be processed to retrieve a BRDF for the surface at a 

particular illumination angle. The effects of each detector element's relative gain and 

offset parameters must be taken into account, as must the e^ect of the imaging system 

itself, if data points from different positions in the instrument field are to be compared 

against each other. Measurements of BRDF made in the field are affected by diffuse 

skylight, and therefore must be processed to retrieve a BRDF unperturbed by the effects 

of diffuse downwelling radiance. Finally, the data retrieved by the camera system must be 

processed to produce a data product useful for the application. 

The approach taken in this work is to use data collected over a representative 

sample of a vicarious calibration target as an input into a surface reflectance model. A 

modified Jacquemoud phase function was used as the surface reflectance model in this 

study [Jacquemoud, 1992]. This surface reflectance model, once fitted to the BRDF 

camera data set, fully represents the lower surface boundary condition for atmospheric 

radiative transfer [Solheim, 2000]. The Jacquemoud phase function calculated for the 

surface measured is then used as an input into the radiative transfer code which calculates 

a TO A radiance for the satellite sensor being calibrated. This chapter discusses the 

procedures and software designed for processing BRDF camera data sets acquired in the 

field to produce phase function data usable in a radiative transfer code. This chapter 

discusses an iterative procedure designed to use radiative transfer calculations to correct 

retrieved BRDF functions for diffuse-light effects. 
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5.1 Data Processing 

Data were processed for the BRDF camera in this study to generate a modified 

Jacquemoud phase function versus scattering angle for each data set to be used in a 

radiative transfer code. This processing was performed in two stages. In the correction 

stage, BRDF camera images from each band are first offset-corrected, then corrected for 

lens transmission effects and gain variations, and normalized to the value of the nadir-

viewing pixels in the image. Data points with nadir angles greater than 70 degrees are 

removed from the data sets, as are pixels with anomalous dark-current and gain behavior. 

Pixels that are shadowed by the presence of the instrument are also masked out of the 

data sets. A 15-pixel running average is performed over the BRDF camera images to 

account for the effects of the PSF of the system. Finally, the data sets are normalized 

relative to the nadir radiance value to produced a relative BRDF measurement for each set 

of view angles in the camera field. 

In the phase-function retrieval stage of the processing code, corrected BRDF 

camera images are used to fit a modified Jacquemoud phase function. This procedure is 

performed by referencing each pixel in the BRDF camera images to a phase angle g and 

g', as was done with the model data in chapter 2. Data from the principal and orthogonal 

plane in each nadir-normalized BRDF camera image was used to generate a least-squares 

fit to the Jacquemoud phase function. The coefficients of this function were then used to 

generate a phase function that is provided to a radiative transfer code. 
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5.1.1 Correction of BRDF Camera Images 

The correction of BRDF camera images for detector and system effects occurs in 

five steps in the processing software developed for this study. In the first step, raw image 

data from all four bands of the camera system plus the offset image are loaded into the 

program. These images are flipped horizontally and re-centered to provide a proper north-

south geometry on display. To perform the offset correction, the offset image, which is 

collected immediately after the four-band data collection in the field, is subtracted ft'om 

all four images. In the second step of the data correction software, the effects of the pixel-

to-pixel gain variations and the lens-transmission effect are accounted for. The four 

BRDF camera images are divided by the CCD gain image and their respective lens 

transmission polynomial images from chapter 4. The result is a set of four BRDF camera 

images corrected for offset, gain variations and lens transmission effects. In the third step 

of the image correction software, highly nonlinear pixels and pixels with anomalous 

offset values are removed from the data sets. Gain and offset masks generated during the 

BRDF camera calibration experiments in chapter 4 are applied to each image and 

problem pixels are set to a value of 0 DN. Data points at view nadir angles greater than 

70-degrees are also masked out of the camera images at this point, as this is the limit of 

the lens distortion model calculated in chapter 3. The presence of the instrument's 

shadow and the tripod itself in the BRDF camera image are removed from the images as 

well. A comparison of an uncorrected versus a corrected image of Ivanpah Playa taken by 

the camera system is shown in figure 5.1. In this image, the effect of masking off the 
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instrument footprint and shadows as well as the removal of data from view angles beyond 

70-degrees are clearly visible. The areas of masked dead and anomalous pixels are 

spatially small and cannot be easily seen in the image however. Most notable in figure 5.1 

is the effect of the lens-transmission correction on the brightness of the specular 

reflectance peak in the lower left comer of both images, and similarly, the retro-reflection 

continuum visible in the upper right. 

Figure 5.1: Raw BRDF camera image (left) and processed image (right) for Ivanpah 
Nevada on 5/23/99 8:16am, 660nm band, solar zenith of 60-degrees. 
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In order to account for the effect of the PSF of the camera system, a 15-pixel wide 

running average is performed across each camera image, with masked pixels excluded 

from the calculations. The value of every pixel in the image is thereby set to the average 

of all the pixels included within its PSF envelope, as shown in figure 5.2. Finally, in the 

fifth step of the correction software, each camera image is then normalized to the value of 

the nadir-viewing pixel to produce a BRDF image normalized relative to the nadir-

viewing radiance. 

Figure 5.2: Fully processed and averaged 
BRDF camera image for the data of figure 
5.1. Note masked pixels (black) throughout 
image. 
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5.1.2 Phase Function Retrieval 

BRDF camera images in this study are processed to produce a modified 

Jacquemoud phase function for use in a radiative transfer code in three steps. In the first 

step, each pixel in the BRDF camera field is assigned the phase angles g and a g'. To 

calculate these phase angles, the view nadir and azimuth angles are calculated for each 

pixel first based on the distortion model from chapter 3. This result is calculated once and 

is used for all BRDF camera data sets. The solar zenith and azimuth angles at the time of 

measurement are also required for a computation of phase angle. The position of the 

instrument's shadow is used to retrieve the solar incident angles interactively to within 

0.5-degrees in zenith and azimuth respectively. Comparisons of solar zenith angles 

derived using this empirical method versus the use of an ephemeris code show that the 

BRDF-camera angle matches the ephemeris code calculated value to better than 1-degree 

over the entire camera field. In the event that the instrument shadow falls outside the 

BRDF camera image or is otherwise obscured, the solar angles are entered manually. The 

accuracy of this backup method is approximately 3-degrees in azimuth angle and 1-

degree in nadir due to uncertainty in the magnetic declination and inclination of the 

instrument boom. These angles are provided to the software and are used in the 

computation of the phase angles using (2.7) and (2.8). In the second step of the phase-

function retrieval process, a modified Jacquemoud phase function is fit to the corrected 

BRDF image. Data points from the principal and orthogonal planes of the BRDF camera 

image are fitted to the modified Jacquemoud phase function (2.9) using a 2-dimensional 
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Levenberg-Marquardt least-squares fitting routine. The result of this calculation are the 

five parameters of the Jacquemoud function PCg.g') that best Hts the surface reflectance 

of the corrected BRDF camera image. The value of the fiinction PCg.g') based on these 

retrieved parameters is then calculated for every pixel in the BRDF camera field and is 

then ratioed against the corrected BRDF camera image using (2.14) to compute the 

deviation of the model from the actual data. 

For the example data set shown in figure 5.1, the average of the ratio between the 

model-fit and the original data set is less than 0.05% in all bands with a standard 

deviation of less than 1%. This is representative of the level of fit achieved by the data 

processing software over the clay playa targets used by the RSG. Similarly, for a data set 

taken over the same playa earlier in the day, with a solar zenith angle of 60 degrees, the 

level of fit achieved was better than 0.1% on average with a standard deviation of less 

than 1.5%. This result suggests that the Jacquemoud phase function represents the surface 

reflectance of a clay playa target well. The low standard-deviation of the data points from 

the fit is indicative that the phase-function in (2.6) is the dominant term in the BRDF 

model for these clay surfaces. This result was not especially surprising as a bright 

backscatter peak is not visible in figure 5.1. 

In the last step of the phase function retrieval process, the retrieved Jacquemoud 

parameters are used to generate a table of phase values versus scatter angle to be used in 

the Herman-Browning radiative transfer code described in chapter 2. Example phase 

function results taken over the surface shown in figure 5.1 at solar zenith angles of 60-



and 45-degrees in each of the four bands of the system are shown in figure 5.3 and 5.4 

respectively. 
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Figure 5.3: Phase functions retrieved for Ivanpah Playa, 
5/23/99 8:06am for solar zenith angle of 60-degrees. Note the 
prominent forward-scatter peak, as seen in figure 5.1. 
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5.2 Diffuse-Light Correction 

All measurements of surface reflectance taken in the field are subject to the effect 

of diffuse skylight onto the surface being observed. The effects of this diffuse light 

modify the BRDF functions retrieved over the surface from the ideal, 'black-sky' BRDF 

which corresponds to the idealized case of a surface illuminated by a collimated beam of 

incident radiation [Nicodemus, 1977]. BRDF measurements made in the field must 

therefore be processed to remove the effects of diffuse light from the atmosphere, 

resulting in a calculated surface BRDF as produced by a beam of unattenuated sunlight. 

The method used in this study to perform a di^se-light correction on BRDF data 

is the rigorous approach outlined by Martonchlk [1994]. In this process, BRDF data are 

corrected for the effects of skylight through an iterative method using multiple runs of a 

radiative transfer code. The results of the radiative transfer code runs are used to compute 

a diffuse upwelling radiance field that is used to modify the next iteration of diffuse-

corrected BRDF. This section outlines the approach used in the study to correct BRDF for 

the effects of diffuse light, and presents a validation of the method based on the recovery 

of a modeled ideal Jacquemoud phase function using this method. 
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5.2.1 Methods 

Martonchik's method for BRDF correction involves the separation of the upward 

radiance field leaving a surface into its direct and di^se components, expressed as 

L(-fi,Mo,<|)-<|)o) = — ^ Edir(Mo.<t»o) -<l>o) (5.1) 
Tl 

where L is the radiance leaving the surface, at an upward-traveling cosine angle of -|x, 

with a solar incident cosine angle of at an azimuth angle measured from the solar 

principal plane of <t>-<t>o, as defined in chapter 2. The function f is the BRDF of the surface, 

is the direct solar irradiance on the surface, and Ljjff is the di^se upwelling light 

field. This diffuse-light field is the result of diffiise incident light on the surface from the 

diffuse skylight and is defined as 

J 

where Laiff.i„c is the diffuse incident radiance field, while ji' and <()' are dummy variables of 

integration. Physically, equation (5.1) represents how an instrument-measured upwelling 

radiance field L is perturbed from the idealized 'black-sky' case by diffuse upwelling 

radiance from the surface. This diffuse upwelling radiance is itself a product of the 

diffuse downwelling radiance (skylight), integrated with the BRDF of the surface over 
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every incident angle over the sky. Ideally, is measured directly as is with 

PARABOLA, or with an upward-pointing imaging radiometer system. In this study, 

Ldiff.jnc is calculated through the use of a radiative transfer code at nine discrete zenith 

angles and seven azimuth angles over the sky, with the downwelling radiance field 

assumed to be azimuthally symmetric. 

Using (5.1) the nth computation of BRDF is expressed as 

= - U->..Mo.9-9o)-Ly'(-M.Mo..p-Po) 

EjirfMo) 

where the 0-th iteration of BRDF is the uncorrected BRDF retrieved from the instrument 

measurement 

fn-H,jio,cp-(Po) = — (5.4) 
^dir(Mo) 

where f is retrieved from the initial instrument measurement of BRDF. In this rigorous 

approach for BRDF correction, each successive fis derived from the bottom of the 

atmosphere radiance calculated by a radiative transfer code based on the 

calculated from the previous iteration. The use of a radiative transfer code allows the 

change in TOA radiance to be monitored through iterations of fto assess the effect of 

diffuse-light corrected BRDFs on radiance. This process is repeated until the change in 



TO A radiance between successive iterations of BRDFs is less than 0.1%, or when 

successive iterations oscillate about values without 0.1% or more change between 

iterations. 

5.2.2 Implementation of the Algorithm 

The diffuse-light correction software used in this study performs a correction of 

BRDF taken by the BRDF camera system indirectly, through a correction of the phase 

function derived from the surface BRDF. This process is performed in six steps and 

requires supplementary atmospheric data from other RSG instruments for the operation of 

the radiative transfer code. 

In the first step of the diffuse-light correction process, the input phase function for 

a particular surface at a particular wavelength and solar zenith angle is read into the 

software. The phase function is then inverted with a least-squares modified Jacquemoud 

phase function to yield the five surface reflectance parameters that best fit the phase 

function. This inversion yields a better than 0.01% match to the parameters produced by 

the BRDF camera phase-retrieval software when using camera-derived phase functions as 

input, which results in a retrieved phase function identical to the input function for that 

case. This step is implemented to provide the software with the flexibility to perform 

diffuse-light corrections on phase functions generated using functions other than the 

modified Jacquemoud equation used in this study. A comparison between the input phase 

function and the retrieved function is performed in every case in this step as well to 

evaluate the accuracy of the inversion procedure. 
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The second step in the processing scheme creates a BRDF matrix for use in the 

radiative transfer code. A phase-angle matrix is generated first by computing the phase 

angle at each of the discrete azimuth and zenith angles used in the radiative transfer code, 

given the solar zenith angle of the BRDF being corrected. In this study, the Herman-

Browning code has a total of nine zenith and seven azimuth angles with the assumption 

of azimuthal symmetry. The value of the 63-element phase matrix is calculated for each 

of these values, and is rounded to the nearest degree. The BRDF matrix is a matrix 

corresponding to the BRDF value for each element of the phase matrix, and is generated 

by a lookup-table approach based on the original input phase function. The phase 

function value corresponding to the phase angle calculated for each pair of viewing zenith 

and azimuth angles is assigned to each element of the BRDF matrix. Each value in the 

BRDF matrix is then normalized against the nadir-viewing phase-function value, and then 

multiplied by the nadir-viewing surface reflectance, obtained from the results of the 

surface reflectance retrieval [Thome, 1999]. The result of these calculations is a BRDF 

matrix where the nadir-viewing reflectance is set to the value measured by the RSG's 

field equipment. Up to six different BRDFs corresponding to six different nadir-viewing 

surface reflectances can be processed in parallel in the diffuse-light correction software. 

The input phase function and surface reflectance values used to calculate the 

BRDF matrix, along with atmospheric parameters are used to calculate a zeroth-iteration 

TOA radiance using the radiative transfer code in the third step of the diffuse-light 

correction software. The result is a TOA radiance calculated with a phase function 
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uncorrected for diffuse-light effects. Downwelling radiance, irradiance, and upwelling 

radiance Ejjr, and L respectively) at the surface calculated by the radiative transfer 

code are read into the software. 

In the fourth step of the correction process, the downward diffuse radiance 

is used to calculate the upward diffuse radiance as is produced by diffuse light 

interacting with the input BRDF. The integral (5.2) is calculated as a summation for each 

angle of the phase matrix. In the ideal case, the BRDF for any solar illumination angle 

required in (5.2) would be retrieved experimentally. For the purposes of this study, the 

BRDF for each illuniination angle is generated by recalculating the phase matrix for that 

illumination angle, and then using a lookup-table approach with the original input phase 

function, normalized to nadir and multiplied by the respective surface reflectance value as 

was described in step two. The resulting BRDF is multiplied by the downwelling radiance 

value for each geometry to calculate Ljjff. 

The fifth step involves the solving of (5.3) by subtracting the calculated for 

the input BRDF from the radiative-transfer-code-produced upwelling radiance L to 

generate a next-iteration BRDF. In the final step of the diffuse-light correction process, 

the BRDF just calculated and the phase matrix containing the phase angle for each 

element of the BRDF are fit to a modified-Jacquemoud phase function (2.9) to become a 

next-iteration phase function input to the radiative transfer code. This phase function is 

written to a flle. During diffuse-light correction, steps one through six are repeated until 

the calculated TOA radiance changes less than 0.1% between successive iterations. 
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Though the software used in this study was designed to use the Herman-Browning 

radiative transfer code, it is not specific to that code. The software is modular in fashion 

with each step outlined above a separate section in the software. The software therefore 

can be adapted easily to any radiative transfer code, provided that it can produce discrete 

values of L^fr.jnc» and L at various view angles, and that it includes any type of surface 

reflection model for BRDF. 

5.2.3 Validation of Diffuse-Light Correction 

The diffuse-light correction software described above was validated against three 

test cases to assess its retrieval accuracy under ideal conditions. The performance of the 

software under these conditions is an estimate of its best case precision for field use, and 

the limit to which black-sky BRDF values can be retrieved from field data. The 

validation process occurred in three steps, starting with the generation of a synthetic 

instrument-retrieved BRDF based on a model case, proceeding to the diffuse-light 

correction of that BRDF over several iterations, and ending with a comparison between 

the diffuse-light-corrected BRDF and the original BRDF model. 

The first BRDF case tested in this validation study was lambertian. A phase 

function for a surface of lambertian BRDF supplied to the Herman-Browning radiative 

transfer code. The code was given the same atmospheric parameters used in the model-

runs of chapter 2, consistent with those of a clear day appropriate for vicarious calibration 

work. To generate a synthetic instrument-derived BRDF, the lambertian phase function 

was used as the surface-model input to the radiative transfer code, for a solar illumination 
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angle of 70-degrees and a surface reflectance of 50%. The code was run, and the 

upwelling radiance L at the surface was extracted. Physically, this radiance represents the 

light leaving the surface as would be measured by an instrument over many view angles. 

This radiance was read into software, and was referenced to a phase-angle matrix 

analogous to that used in step two of the diffuse-light correction process. These radiances 

were assumed to be measurements from an ideal BRDF system on the surface, and were 

processed in the same fashion as was described earlier. The diffuse-light-modified phase 

function is the zeroth-iteration as described in step three of the diffuse-light-correction 

process. On the first iteration of the correction software, a corrected phase function 

matching the original lambertian case was achieved to better than 0.01% everywhere, 

indicating a high-degree of precision for this test case. A second iteration produced no 

change in the diffuse-light corrected phase function and so the procedure was terminated. 

The first-iteration TOA result similarly matched the original TOA case to better than 

0.01% everywhere, again indicating a high degree of precision for this case. 

The diffuse-light correction code was next tested with a Jacquemoud phase 

function derived for a dry clay surface used in the model runs of chapter 2. This function 

is consistent with the types surfaces used by the RSG for vicarious calibration. A 

synthetic instrument-retrieved BRDF was generated in the same manner as described for 

the lambertian case, and was provided as an input to the radiative transfer code to produce 

a zeroth-iteration result. In this study, solar zenith angles of 45-degrees and 70-degrees at 

a wavelength of 500 nm with a nadir-viewing surface reflectance of 50% were used to 



test the software for two vicarious calibration scenarios. In terms of the RSG' s current 

work, a calibration done at a solar zenith of 45-degrees corresponds to a large 

illumination angle expected during most typical vicarious calibrations, while the 70-

degree illumination is a worst-case scenario. As a point of comparison in this study, a 

lambertian phase function was run through the radiative transfer code along with the 

J acquemoud phase functions. The recovered phase functions and calculated TOA 

radiances per iteration for the 45-degree and 70-degree cases are shown in figures 5.5 

through 5.8. 
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Figure 5.5: Phase function retrieved after !-iteration of the 
diffuse-light correction code for a solar incidence angle of 45-
degrees, as compared to the instrument-retrieved case and a 
lambertian approximation. 
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The first case examined in this study was that of 4S-degree illumination onto a 

surface described by a Jacquemoud phase function for a flat dry clay soil. In figure S.S, 

each iteration of phase function has been normalized against the original modeled phase 

function, the deviation about 1.0 represents the error in retrieval of phase function at each 

step in the process. Only physically-realizable phase angle ranges are shown in figures 5.5 

and 5.6, based on sun instrument geometry in each case, where a phase angle of 0-degrees 

is the retro-reflection direction. Iteration-0 is the synthetic phase function used to model 

the ideal instrument-retrieved phase function given to the diffuse light correction 

software. As can be seen in the figure, the uncorrected phase function varies from the 

original case by 10% at the largest phase angles, with an average deviation of 3.1% and a 

standard deviation about normal of 4.0%. After a single iteration of the code, the phase 

function is retrieved to a level better than 5% everywhere, with an average deviation of 

less than 0.5% with a standard deviation of 0.8%, which shows the level to which phase 

functions can be recovered using this method. Naturally both iterations are markedly 

better than a lambertian approximation to the phase function as can be seen in the figure. 

It was found using the diffuse-light correction procedure outlined above that 

further iterations of the phase function did not appreciably improve the accuracy of the 

final corrected value for phase, instead producing functions that oscillated between 0.5% 

of iteration-0 and iteration-1 for iterations 2 and 3 respectively. Therefore, in this study 

the diffuse light correction process was terminated after the first iteration, the deviation of 

which from the model appeared to be the limit of the accuracy of the method. 
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The RSG is primarily interested in the calculation of TOA radiance for the 

calibration of Earth-observing satellites. To assess the impact of the diffuse-light 

correction algorithm on the retrieval of TOA radiance for satellite viewing angles of 

interest for the RSG, the phase functions derived above were used in the radiative transfer 

code to calculate radiances. The radiance calculated from the zeroth and first iterations as 

well as the radiance resulting from a nadir-normalized lambertian phase function 

approximation as ratioed against the radiance calculated from the modeled phase function 

are shown in figure 5.6. From the figure it is clear that for the 45-degree illumination 

case, the synthetic phase retrieved by an ideal instrument causes a deviation in calculated 

radiance of less than 0.3% on average with a standard deviation of 0.2% over the angular 
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Figure 5.6: TOA radiance retrieved after !-iteration of the 
diffuse-light correction code for a solar incidence angle of 45-
degrees, as compared to the instrument -retrieved case and a 
lambertian approximation. 
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regime of interest for the RSG. After the first iteration of the diffuse light correction, the 

average deviation drops to less than 0.01 %, with a standard deviation of less than 0.03%. 

The lambertian approximation, alternatively, displays a 2.9% error in retrieved radiance 

on average, with a standard deviation of 1.5%. 

A 70-degree solar illumination example was also tested as a worst-case scenario 

for vicarious calibration. As was done with the 45-degree illumination case, a synthetic 

phase function as retrieved by an ideal instrument was calculated and compared against 

the original modeled phase function, as shown in figure 5. 7. From the figure the 

uncorrected iteration-0 phase function deviates from the modeled phase function by up to 

15% in the retro-reflection direction and at the limit of the instrument viewed phase 
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Figure 5. 7: Phase function retrieved after 1-iteration of the 
diffuse-light correction code for a solar incidence angle of 70-
degrees, as compared to the instrument-retrieved case and a 
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angle, with a standard deviation of 9.3% about normal. This phase was then diffuse-light 

corrected to gauge the effectiveness of the correction procedure on the retrieval of phase 

function data. The iteration-! corrected phase function deviates from the modeled case 

mainly at large phase angles at the limit of the instrument viewing, with a standard 

deviation from normal of less than 3.5%. The diffuse-light correction process produces a 

phase-function retrieval at this illumination angle for phase angles between 0 and 80 

degrees to better than 1%. Again, the lambertian approximation deviates greatly from the 

modeled case. 

The TOA radiance as viewed by a satellite resulting from these three phase 

function is shown in figure 5.8. The uncorrected phase function produces as much as a 
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2% error in the backscatter direction as compared to the ideal case with an average error 

of 1.5% and a standard deviation of 0.6%. This result is not surprising since this case 

deviates most from the modeled phase function in the backscatter direction in figure 5.7. 

The first iteration corrected phase yields a TOA calculation that matches the modeled 

case to better than 0.3% on average with a standard deviation of less than 0.1%, 

indicating a high degree of retrieval accuracy even for this large illumination angle case. 

The lambertian case, as before produces over a 5.4% error on average with a standard 

deviation of 2.1% about the modeled case. 

5.3 Conclusions 

Data from the BRDF camera system was processed in this chapter for the retrieval 

of phase function information to be used in a radiative transfer code. Images retrieved 

from the camera system in the field were corrected for instrumental effects such as 

detector offset and pixel to pixel gain variations based on results obtained from the 

characterization experiments of chapter 4. This process involves user defined parameters 

such as the masking of shadows in the instrument field and the selection of instrument 

shadows for solar zenith and azimuth retrieval. 

To retrieve phase information, every pixel in the instrument field is referenced to 

its nadir and azimuth angle from the camera distortion model of chapter 3. This 

information is used to process BRDF camera data to retrieve the Jacquemoud phase 

function parameters using the inversion process described in chapter 2.Phase functions 
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retrieved in this manner from field data are written to file and then used by a radiative 

transfer code. 

To remove the effects of diffuse-skylight that appear in all measurements of 

BRDF made in the field, an algorithm was developed based on the approach of 

Martonchik [1994]. This process corrects BRDF data through successive iterations of a 

radiative transfer code, to decouple the effect of diffuse light on the BRDF. To test and 

validate the diffuse light correction process, the effect of the correction scheme on the 

retrieval of a modeled phase function based on a synthetic instrument-retrieved phase 

function was examined for two illumination angle cases. For the 45-degree case 

consistent with a large illumination angle phase retrieval as performed by the RSG, this 

process retrieved phase function information after a single iteration to better than 0.5% on 

average with an error in retrieved radiance of less than 0.01%, well within the 

uncertainties of the vicarious calibration method. Even at a large incidence angle of 70-

degrees, phase function information can be retrieved using this method to better than 3% 

on average, with the error on calculated TO A radiance less than 0.3%. The code was also 

tested for solar zenith angles less than 20-degrees, producing better agreement after a 

single iteration of the code than when run at 45-degrees, as was expected. Based on these 

results, the diffuse-light correction process of BRDF camera data appears to correct the 

retrieved surface BRDF through the correction of phase function in the cases of interest to 

the RSG. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

In this dissertation, the requirements for, and the calibration of an imaging CCD 

camera system for the retrieval of BRDF data are evaluated for the improvement of 

vicarious calibration methods for remote sensing. The calibration requirements for a 

CCD-camera system for BRDF retrieval are examined by evaluating the effect of 

simulated camera noises and biases on the retrieval of modeled data. This sensitivity 

analysis shows that BRDF retrieval is insensitive to random noise in a camera-based 

system, as would be caused by a miscalibration in the pixel-to-pixel gains in the CCD 

array. Random errors of up to 10% in the pixel-to-pixel gain produce less than a 0.2% 

effect in retrieved BRDF at all viewing angles. Instrumental tilt-errors and biases that 

affect the entire array, however, produce errors in retrieved BRDF on the order of the 

bias. The effect of these errors on the retrieval of TOA radiance are examined. Noise-

perturbed BRDFs are used as input to a radiative transfer code, and the calculated TOA 

radiances are compared to the results calculated using the modeled BRDFs. Instrumental 

biases are found to cause at most a 0.4% error in retrieved TOA radiance, while random 

errors of up to 10% cause less than a 0.05% effect on the radiance calculations. It is 

concluded that for a TOA radiance calculation of better than 0.1% accuracy, instrumental 

and system-wide biases must be under 5%, while the pixel-to-pixel calibration can be in 

error up to 10% without a significant impact on the radiance calculations. 
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The calibration of the BRDF camera system and the characteristics of the imaging 

system are evaluated. The linearity of the CCD camera used in this study is established 

using two different methods for changing the amount of illumination on the array. The 

linearity of the camera pixels was found to be better than 0.5% over 88% of the camera's 

dynamic range, indicating that the assumption of linearity is justified for this camera. The 

relative offset and gain values for the pixels is found by examining offset images taken 

with the camera shutter closed. The offset values for pixels in the CCD array are found to 

be stable to better than 2 DN over a six-hour period of data-collection in the field, 

indicating that offset images taken concurrently with data sets may be subtracted from the 

data sets to perform the offset correction. Relative gain values for the pixels in the BRDF 

camera system are found by illuminating the CCD array inside an integrating sphere. The 

standard deviation of the pixel gains spatially is found to be approximately 2%, while the 

average change in a given pixel over a short length of time is less than 0.2%. The lens 

function of the camera system was found by rotating the camera about its x- and y-axis in 

front of a stable source. A fourth-order cosine series fit was made to the lens-function 

data and was used to correct for the lens-function over the whole array. Using these test 

results, a calibration of the pixels in the BRDF camera system is made with an 

uncertainty in the relative calibration of the pixels of approximately 1%. In addition to the 

calibration, the general performance of the imaging system is characterized. Stray light in 

the BRDF camera system was found to introduce a reflection artifact at most 0.3% of the 

source DN level for on-axis viewing. The PSF of the system was determined by 
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illuminating the camera with a point source at various field angles. The PSF was found to 

be at most 15-pixels wide for off-axis viewing, which limits the angular sampling of the 

camera system. Using an Egbert soil reflectance model, the effect of the PSF was found 

to be on the order of 0.1 % for the types of surfaces expected to be encountered by the 

RSG. The degree of polarization of the BRDF Ccunera system is examined and is found to 

be as great as 20% for off-axis viewing. The effect of this polarization on the retrieval of 

BRDF data in the field is evaluated by using a REFPOL soil polarization model, the 

result suggests an effect of up to 2.8% for some combinations of solar illumination and 

camera viewing angles. Based on these measurements it is expected that polarization 

effects in imaging systems will be the greatest contributor of errors in the retrieval of 

BRDF data in the field. 

Data taken by the BRDF camera system are processed for the retrieval of phase 

function information to be used in a radiative transfer code. BRDF camera images are 

first corrected for instrumental effects, and are then processed to generate phase ftinction 

information. Jacquemoud phase function parameters are retrieved from each BRDF 

camera data set using the same inversion process used to retrieve BRDF data from the 

noise-perturbed models of the sensitivity analysis. Phase functions retrieved in this 

manner from field data are written to file and then used by a radiative transfer code to 

calculate TO A radiance for vicarious calibration. To remove the effects of diffuse-

skylight that appear in all measurements of BRDF made in the field, an algorithm was 

developed based on Martonchik [1994]. This process corrects BRDF data through 
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successive iterations of a radiative transfer code, to decouple the effect of diffuse light on 

the BRDF. To evaluate the accuracy of this diffuse-light correction process, the effect of 

the correction scheme on the retrievals of modeled phase functions is examined. For a 45-

degree illumination case consistent with a large-illumination angle phase retrieval, this 

process retrieved phase function information after a single iteration to better than 0.5% on 

average with an error in retrieved radiance of less than 0.01%, well within the 

uncertainties of the vicarious calibration method. Even at an incidence angle of 70-

degrees, phase function information can be retrieved using this method to better than 3% 

on average, with the error on calculated TOA radiance less than 0.3%. Based on these 

results, the diffuse-light correction process of BRDF camera data corrects the retrieved 

surface BRDF through the correction of phase function in cases of interest to the RSG. 

A methodology has been developed to evaluate the calibration requirements for 

any CCD-imaging system for the retrieval of BRDF in remote sensing applications. A 

calibration and characterization scheme was developed to assess the linearity of camera 

systems and calibrate them to the level required to retrieve BRDF for the degree of 

accuracy required. Software to retrieve BRDF data from digital camera images and 

process them into data products usable in a radiative transfer code was developed, as was 

software to perform difftise-light corrections of these BRDF data sets. The methods and 

processing in this work were demonstrated on the BRDF camera system used by the RSG 

in its field experiments, but can also apply to any CCD-camera system that would be used 

for BRDF retrieval. 
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Further work by the RSG is currently being performed to assess the spatial 

variation of the BRDF of its various calibration sites and its effect on the calculated TOA 

radiance. The number of illumination angles required for an accurate BRDF retrieval for 

vicarious calibration is also being assessed. 

6.1. Suggestions for further calibration tests 

The lens function in this study is calculated by illuminating a very small number 

of pixels along the x- and y-axis of the camera. This data is used to generate a lens 

function representing the lens effect over the entire image plane. The precision of this 

function is tested by rotating the camera 45-degrees about its optical axis and repeating 

the experiment along that axis. Based on the results of that test, the assumption of 

spherical symmetry for the lens function is made. Ideally, a method of calibration that 

tests the lens function at each pixel, rather than at a few clusters of pixels, would remove 

the need for this assumption. Furthermore, testing the lens function over the entire array 

would produce the lens-function calibration directly, without the need for a cosine-series 

approximation. 

Performing this lens-function calibration requires a large stable source to be 

viewed by the camera system. The camera system would be rotated in its x- and y-axis in 

front of this large source to expose the entire CCD array. After the relative gain 

correction, the data can be used to extract the lens function for each pixel of the detector 

array, assuming the stability of the source. Experiments using the 40"-SIS to perform this 
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calibration, however, have shown up to a 2% change in the SIS's output as measured by 

its internal sensor, caused when the BRDF camera system is rotated in front of its 

aperture. This result implies that measurement of the camera's lens function using the 

large 40"-SIS source would incur at least a 2% error in the retrieval of the function due to 

changes in the SIS's radiance level alone. For this reason the 40"-SIS was not used for the 

lens-function calibration in this study. 

The RSG is in the process of implementing feedback-circuits for both SIS sources 

used in this study, at the time of this writing. It is expected that the use of these feedback-

circuits will stabilize the output of both SISs to better than 0.01% in radiance. At that 

point, the lens-fiinction calibration of the BRDF camera system can occur using the 

methods described. 

6.2. Next generation CCD-cameras for BRDF retrieval 

CCD-camera technology has progressed significantly since the RSG's BRDF 

camera system was developed in the early 90's. The results of the calibrations 

experiments in this dissertation show that the high-accuracy of a very-low noise, low 

offset, cooled astronomical CCD camera is unnecessary for the retrieval of BRDF. 

Modem commercial CCD systems are now available with much higher-resolution arrays 

than that of the BRDF camera, at significantly reduced cost and size. Wide-angle and 

fisheye lenses lighter and more compact than that used by the current BRDF system have 

also become available. These new lenses include some double-fisheye systems capable of 
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imaging the sky (for the evaluation of downwelling radiance) in addition to the ground 

onto a single image plane. The small size of these systems and their low level of power 

consumption allows them to be run from batteries rather than from a generator as is the 

current system is. Such camera systems would be vastly more portable than the current 

BRDF camera and would allow rapid spatial sampling of a vicarious calibration site 

without a large expenditure of manpower and resources. These types of systems would 

also be much more easily carried in aircraft for spatial sampling over large areas, or be 

lifted on booms for agricultural use. The methods described in this work would all apply 

to data collected with these new systems, allowing the retrieval of BRDF data from low-

cost portable camera systems. 

Based on the work presented here, it is clear that CCD-camera systems can be 

characterized and calibrated to the level necessary for the retrieval of BRDF data for 

vicarious calibration applications. The use of CCD-cameras tested using the methods 

described here for BRDF measurement for other remote-sensing applications is also 

expected. The small size and portability and speed of modem CCD camera systems, 

combined with their lack of need for mechanical rotation, give these imaging systems 

distinct advantages over goniometric systems. For this reason it is expected that CCD-

camera systems will become the BRDF-measuring tool of choice for visible and NIR 

wavelengths in the near future. 
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