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Abstract 

This document describes the Imager for Mars Pathfinder (IMP) calibration targets 

and outlines a procedure for their use in first-order spectrophotometric image calibration. 

The Mars Pathfinder mission and landing site are discussed, as are previous observations 

of Mars. Bidirectional reflectance theory relevant to target design and usage as well as 

planetary surface measurement will be developed in the context of spectrophotometric 

image calibration. The design, fabrication, and characterization of the calibration targets is 

discussed, including an inversion for model parameters using two independent data sets. A 

procedure detailing first-order spectrophotometric calibration of IMP images is intro

duced, suitable for rapid scientific analysis necessary during the early landed phase of the 

mission. The procedure is applied to an image dataset to demonstrate its effectiveness, and 

possible uses of this procedure on Mars are described. Finally, improvements to the the

ory, target characterization, and calibration procedure, are discussed in the context of 

long-term scientific study and the minimization of errors. 



1. Introduction 

The planet Mars has long been a source of wonder and scientific inquiry. Tele

scopic observations first began in 1610 by Galileo, and continued until the first modem 

observations by Schiaparelli in 1877. Much debate ensued regarding the properties of the 

martian surface and the potential for life, most intriguingly the assertion by Lowell that the 

surface of Mars was covered with a network of canals built by intelligent life. More recent 

observations have clarified and put to rest many of the inaccuracies of the historical obser

vations (Kieflfer, et al., 1992). Very recently, the question of past life on Mars has once 

again reached the forefront of science, with the discovery of possible microfossils in mar

tian meteorite ALH84001 (McKay, et al., 1996), which, coincidentally, had been previ

ously spectrally measured by the author (Pedicino, et al., 1994). 

While many spacecraft have been sent to Mars, none were nearly as successful as 

the two orbiters and two landers of the Viking mission. Viking Lander 1 (VLl) landed in 

Chryse Planitia about 400km northeast of Maja Vallis, and Viking Lander 2 (VL2) landed 

in Utopia Planitia about 180km west of Mie Crater. The VLl site is a cratered rock-strewn 

plain exhibiting dune-like drifts of fines and having rock surfaces generally coated with a 

thin veneer of fines (Figure 1.1). The VL2 site shows a greater density of surface rocks and 

less local topography (Figure 1.2), with fewer drifts and more large rocks than the VL1 

site (Christiansen and Moore, 1992). 

Much of the knowledge of martian surface mineralogy has been obtained from 

ground based and Mars orbital spectroscopy, as well as directly from the surface by the 

Viking landers. Such observations have demonstrated that the majority of martian spectral 
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1.1) VLl landing site. Note smaller rock size distribution and greater abundance of drift
like material than at VL2 landing site. 



1.2) VL2 landing site. Note larger rock size distribution and greater rock surface coverage 
than at VLl landing site. 
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features can be accounted for by combinations of Fe^'^-bearing phases (primarily oxides). 

and Fe~'^-bearing phases (primarily mafic silicates). Fe^"*" is responsible for most features 

seen in visible wavelengths, most notably Fe^''"-0^" charge transfer absorptions and Fe^"*" 

crystal field absorptions that are diagnostic of mineralogy. Fe^^ in iron-bearing silicates is 

responsible primarily for characteristic crystal field absorptions near 900-l000nm. When 

Mars is observed spectrally firom Earth or even Mars orbit, there is a significant degree of 

mixing of a variety of surface spectral types, since the observation footprint is often kilo

meters across. Surface-based multispectral imaging has the potential to more uniquely 

identify individual minerals and assemblages since the observation footprint is millimeters 

to centimeters in size (Reid and Singer, 1995). 

The Mars Pathfinder spacecraft will be the first Mars lander in the 21 years since 

the Viking mission. In that time, some very significant advances have been made in our 

understanding of the surface composition of Mars, but there is still a great deal that is not 

understood, especially regarding the mineralogic content of various rocks and soils (cf. 

Singer, et al., 1979). The spacecraft carries a variety of instruments to investigate the 

atmosphere, surface meteorology, surface geology, form, and structure, and the elemental 

composition of the martian rocks and soil. The primary instruments are the Atmospheric 

Structure Instrument / Meteorology Experiment (ASI/MET), the rover-mounted Alpha 

Proton X-Ray Spectrometer (APXS), and the Imager for Mars Pathfinder (IMP). The 

spacecraft is targeted to land in Chryse Planitia at the mouth of Ares Vallis, an ancient cat

astrophic flood channel, ~850km southwest of VLl (Figure 1.3). This site is expected to 



U) Projected Mars Pathfinder landing site. Error ellipse is 200kni by 100km in this 
image. Ares Vallis is in the lower-right portion of this image. 
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provide a "grab-bag" of samples transported from the southern highlands during periods 

of catastrophic flooding. 

There are two major geologic questions that IMP imaging seeks to answer. First is 

the identification of crystalline ferric oxides versus nanophase or poorly-crystalline ferric 

oxides. Understanding the nature of the oxidized assemblages will lead to understanding 

of the weathering environment on the surface. Second is the identification of unoxidized 

crustal material, primarily composed of ferrous silicates. Eventually, the entire landing site 

will be imaged in all spectral channels, and by correlating these spectral observations with 

the "ground truth" of the rover APXS, a mineralogic map of the entire landing site can be 

produced. This spectral and mineralogic dataset will be correlated with HST observations 

of the landing site hemisphere in order to tie the landing site mineralogy into the context 

of the Ares Vallis drainage region, and ultimately to understand the surface mineralogy of 

the entire planet. 

Well-calibrated multispectral image datasets are an invaluable resource for the 

geologic interpretation of remotely sensed terrains. To meet this requirement, IMP is a ste

reoscopic, multispectral CCD camera capable of taking images in 12 bandpasses (Table 

1.1) at a resolution of 0.98 mrad/pixel, for a total field-of-view of 14.4°xl4.0° (256x248 

pixels). This spatial resolution is comparable to the VL cameras, but with a vastly 

improved signal-to-noise ratio (SNR) approaching 350. The IMP filter set is also opti

mized for martian surface mineralogy from 440-l000nm, while the VL cameras had 6 

broad bandpasses that were never calibrated adequately for mineralogic studies. Geology 

images at the landing site will be spectrophotometrically calibrated to radiance coefficient 



Table 1.1) IMP geology filters and their properties at T~20°C (after Smith, et al., 
1997) 

Eye 
and 

Filter 

Central 
Wavelength 

(nm) 

Bandwidth 
(nm) 

Responsivity 

DN/s/(W/m^/sr/|im) 

LO 443.3 26.2 122 

L5 671.4 19.7 547 

L6 801.6 21.0 787 

L7 858.4 34.4 1174 

L8 897.9 40.8 890 

L9 931.1 27.0 371 

LIO 1002.9 29.1 153 

Ll l  968.0 31.4 299 

RO 443.2 26.2 119 

R5 671.2 19.5 515 

R6 752.0 18.9 719 

R8 599.5 21.0 550 

R9 530.8 29.6 545 

RIO 479.9 27.0 351 

Rl l  966.8 29.6 367 
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facilitated by the periodic imaging of two radiometric targets (RTs) located on the lander. 

Direct imaging of the sun through 8 low-transmission solar filters permits a direct mea

surement of the sky opacity and water vapor content. Other goals of the IMP experiment 

include a full 12-channel panorama of the landing site, contour mapping of the local ter

rain, multispectral imaging of surrounding rock and soil, study of the local mineralogy, 

viewing of 3 wind socks, and estimating the magnetic properties of wind-blown dust 

(Smith, et al., 1997). 

In order to use the RTs for image calibration, their scattering properties must be 

extremely well known. It will be shown that uncertainty in the measurements of the cali

bration targets represent the limiting error in any calibration. Also, a procedure must exist 

that describes the application of calibration information acquired from measurements of 

the RTs to scene images. This document will address these needs in three major parts. 

First, the underljring theory governing bidirectional reflectance will be reviewed. 

The theory used is largely derived from Hapke (1981, 1984, 1986), including macroscopic 

surface roughness and the opposition effect. Due to the design of the targets, other factors 

need to be taken into account. Since the targets are made of pigment suspended in a clear 

binder, specular reflections at the surface of this refracting medium must be considered. 

Refraction also necessitates the redefinition of the incidence and emission angles inside 

the medium. Two particle scattering phase functions are also considered: The 2-term Leg-

endre polynomial used by Hapke, and both one and two term Henyey-Greenstein func

tions. 

The calibration targets themselves will then be discussed at length. The process of 
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design and fabrication will be reviewed, as well as the necessity to irradiate the targets 

with ultraviolet (UV) radiation. The spectrophotometric calibration of the targets under

taken at the University of Arizona (UA) will be discussed at, including the computation of 

the bidirectional reflectance distribution function (BRDF) for each filter bandpass. Addi

tional measurements of the targets' BRDF have been made at the German Aerospace 

Research Establishment (DLR) in Germany. These results will also be discussed and com

pared to the UA measurements. Finally, the data will be inverted to determine model 

parameters that will permit the calculation of RT radiance coeflBcient for an arbitrary illu

mination geometry, necessary for spectrophotometric image calibration. 

In Chapter 4, a procedure for spectrophotometric calibration of scene images is 

developed. While conceptually simple, a rigorous calibration is quite lengthy, and even the 

involved procedure given here is only applicable for fast, first-order calibration needed for 

rapid scientific interpretation early in the landed mission. Improvements to the procedure, 

such as enhanced sky radiance removal and corrections for variable rock facet angles, will 

be discussed but not developed. 
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2. Bidirectional Reflectance Theory 

2.1 Introduction 
The intensity of radiation reflected from an object depends, in general, upon the 

wavelength of the incident radiation, the geometry of illumination and viewing directions, 

and the intrinsic scattering properties of the object. In this chapter, a general theory of 

bidirectional reflectance will be introduced, applicable to the scattering behavior observed 

for planetary surfaces. The primary focus here, however, will be on the description of the 

RTs. including extensions to the theory necessary to account for the observed behavior of 

the targets. 

2.2 Definitions 
The relevant geometric variables are shown in Figure 2.1. The incidence angle / is 

the angle between the incident radiation vector and the surface normal. Likewise, the 

emission angle e is the angle between the viewing vector and the surface normal. The 

angles i and e, when projected onto the plane of the surface, are separated by an azimuth 

angle (|), defined to be zero when both i and e are pointing in the same direction. The phase 

angle g is the angle between the incident ray and the emitted ray. g and ^ are related by: 

g = COS"'(cosf cose + sin/sinecos<j)) (2.1) 

For convenience, we also define two additional parameters: 

1^0 = cos I (2.2a) 

|i = cose (2.2b) 
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Definition of geometric illumination and viewing variables. 

In addition, it is usefiil to define a simple diffuse reflector that obeys Lambert's 

law. Lambert's law is based on the observation that for many natural surfaces, surface radi

ance is roughly independent of and that the brighmess of any surface is proportional to 

the projection factor iiq- Since scattering is linear, the scattered radiance Iii.e^)=l^i.e.g) 

must be proportional to the incident irradiance /qHq- This gives us the definition of the 

bidirectional reflectance of a Lambert surface (Hapke, 1993): 

r[{i,e,g) = (2.3) 

where K[^ is a constant that may range from zero to one. Unless otherwise specified, 

will be assumed to be one for the purposes of calculating Lambert reflectance. 

These relations allow us to define the nature of the bidirectional reflectance values 

we wish to measure using the RTs. The quantity that is of most interest is the radiance 
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coefficient defined as the ratio of the radiance of an object measured at fixed incidence 

and emission angles to the radiance of a Lambert surface identically illuminated and 

viewed. This is the quantity generally measured in the laboratory by ratioing the radiance 

of an object to the radiance of a near-Lambertian reflectance standard. Another similar 

quantity often used in planetary astronomy is the radiance factor rp Radiance factor is 

defined as the ratio of the radiance of an object measured at fixed incidence and emission 

angles relative to the radiance of a Lambert surface normally illuminated. The only differ

ence between these two factors is the projection factor hq: 

(2.4) 

2.3 Volume (Diffuse) Scattering Photometric Functions 
Volume scattering photometric theory for solid particulate surfaces derives fi-om 

scattering theory for planetary atmospheres. A theory describing the scattering behavior of 

a solid particulate medium has been formulated by Hapke (1981, 1984, 1986), accounting 

for both single and multiple volume scattering. While Hapke theory seeks to explain scat

tering from geologic surfaces, volume scattering is also applicable to the calibration tar

gets since they consist of a particles (powdered pigment) suspended in a binding medium. 

The treatment below deviates slightly from Hapke's work in that the reflectance values 

used here are given in terms of radiance coefficient while in the original derivation radi

ance factor was used. 

2 J.l Single Scattering 
The reflectance of an surface can be written as the sum of two terms: 
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r = r^ + r^ (2.5) 

where represents the singly-scattered component of the upward radiance, and repre

sents the multiply-scattered component of the upward radiance. Following the derivation 

of Hapke (I98I), it is found that: 

where w is the single scattering albedo of the material and Pig) represents the phase angle 

dependence of the scattering particles. A general form of die phase function P(g), applica

ble to many materials (Hapke, 1981), is given by a two-term Legendre polynomial: 

P(g) -  I + ^'cosg + c|^|cos2g + ij (2.7) 

where b and c are constants that can range from - I to 1. An older, but still widely used for

mulation of the phase function is the Henyey-Greenstein function (Henyey and Green-

stein, 1941). This flmction has the form: 

1 — Pig) = 
( l+2^cosg+^V^ '  

where ^ is the cosine asymmetry parameter, which parameterizes the width of the peak of 

the fimction. Like the Hapke phase fimction, this formulation describes only one scatter

ing lobe. 



21 

While both of these phase functions can produce a scattering lobe in the forward or 

backward direction, they are generally used to account for forward scattering behavior. A 

second term may be included to account for both forward and backward scattering behav

ior. To facilitate this, two Henyey-Greenstein functions can be used, summed linearly: 

P{g) =  fPig,  ̂ i )  +  ( 1  -fiPig,  ̂ 2) (2.9) 

where/is a weighting factor between the two lobes and 4i and ^2 niust have opposite sign. 

23.1 The Opposition Effect 
Hapke's formulation describes part of the backward scattering with a different 

ftmction developed to account for the observation that solid particulate surfaces tend to 

exhibit a strong increase in reflectance as the phase angle approaches zero. Termed the 

opposition effect, this it was described by Hapke (1986): 

" I ^ tan(g/2) (2.10) 
h 

where: 

R = ^(0) 
0 wPCO) (2-11) 

where 5(0) represents the fraction of light scattered from close to the surface of a particle 

at g=0, ^(0) is the value of the phase function at g=0, and h controls the width of the oppo

sition surge. For opaque materials, s(0)=wP(0), such that 5o=l, but for bright materials, 

the lower limit is the Fresnel (specular) reflection from the particle surface. 



233 Multiple Scattering 
Solution of the multiply-scattered component of radiance is somewhat more com

plicated, requiring solution of the equation of radiative transfer for a semi-infinite particu

late medium. A solution for this component has been found by Chandrasekhar (1950), 

having the form: 

n (2.12) 

where the H-functions must satisfy the integral equation: 

H(w,x)  =  l+^wxH{w,x) j^^ i^^dx '  
(2.13) 

Exact values for H(w^x) can be determined numerically and tabulated, but Hapke 

(1981) has found an analytic approximation for the H-functions: 

ui \ - I + 2x 
<2-11) 

where: 

Y = 7l -vv  (2.15) 

13 A Macroscopic Surface Roughness 
Macroscopic surface roughness also plays an important role in the scattering 

behavior of geologic surfaces. Its primary role is to correct for the effect of macroscopic 

shadowing below the resolution of the detector. It is a function of a single parameter 9, the 

mean surface slope angle, given by Hapke (1984). For the case of i < e, the correction fac-



tor is: 

5(0) = 

JI + 7ctan-0 1- /  +  /  ^^0 

JI  +Ktan^Oy 

(2.16a) 

and for the case i > e, the correction factor is: 

5(0) = ^^0  

v r+ic ta^r i - /+ / f—^ 1 
L V^Vl+TTtan^O^-

(2.16b) 

The definitions of these equations is beyond the scope of this treatment, and can be found 

in Hapke (1984). 

2 J.5 Volume Scattering Expression 
The complete expression for the radiance reflected by a surface of condensed parti

cles from a direct collimated beam is then given by the siun of the two scattering terms 

multiplied by the surface roughness correction: 

w 1 r = {[1 +5(g)]P(g)+/f(w, |i(j)/f(w, ^)-l}5(0) (2.17) 

The behavior of this function can be better understood graphically. Figure 2.2 shows the 

behavior of this function as parameters are independently varied. 

2.4 Surface (Specular) Scattering Photometric Functions 
At the interface between two materials of differing refractive index, a specular 

reflection will result. Since the calibration target pigments are suspended in a binding 

medium with a refractive index not equal to unity, there must be a specular component to 
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2.2) Effect of variation of model parameters on Hapke model, c) Variation of opposi
tion effect parameters Bq and h. 



2 J) Definition of geometric illumination and viewing variables in a refracting 
medium. 

the total observed scattering behavior. This specular reflection will occur at the boundary 

once for the incident ray (Figure 2.3). The emitted ray also experiences an internal or 

Fresnel reflection inside the medium, further reducing the radiance scattered back to the 

camera, but this effect is secondary and is not modeled. This will reduce the effective 

reflectance of the volume scattered component by a factor of (The inclusion of 

specular reflection therefore has the effect of changing the total observed reflectance to 

have the form: 

rii, e, = r{i, e, + [ 1 - r(/, e, g),^rfWn^ SKoi (2.18) 

where r^.^/ is the radiance due to volume (difilise) scattering at the refracted incidence and 
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emission angles i„ and e„, and the radiance due to surface (specular) scattering. The 

refracted angles are given by: 

. ../'sinA 
l~rj (2-19a) 

= sin-'(^^j (2.19b) 

where n is the refractive index of the binding medium. 

The specular scattering term has been developed by Shepard et al. (1993) to 

describe specular scattering on playa deposits. This scattering term is also applicable to 

the physics of the calibration targets, having the form: 

where the Fresnel power reflection coeflScient R is given as a function of the real part of 

the refractive index n by Kortum (1969) as: 

2Lsin-(y + p) tan2(y + P)J 

where: 

and: 

p = sin-'(^^"j (2.22a) 

/ = ̂  
J 2 (2.22b) 

and where 6 is the angle from the surface normal to the facet normal having a orientation 
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probability distribution of p(6). Note that P{g) and p(0) are not the same function. For the 

specular case, 0 has the value: 

0 = COST' cos/+ cose 

2cos| ? 
(2.23) 

Shepard et al. (1993) have shown that the best form of the probability distribution 

for playa surfaces is given by: 

piQ) = (2-24) 

However, a slope probability distribution function more applicable to the calibration tar

gets is described by Torrance and Sparrow (1967): 

(2.25) /?(e) = flje 

where aj and ^2 are positive real numbers. 

2.5 General Photometric Model 
Combining all of these terms gives us the final expression for the radiance reflected 

from a surface relative to the incident radiance: 

^ rcR(g, n)p(9) 
= r.rr ' (2-26) 

^ [l +S(g)]P(g) + H(w, 1 }Sm 
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This formulation gives us several free parameters, the single scattering albedo w, 

Hapke phase function coefBcients b and c (or Henyey-Greenstein phase function coeffi

cients / ̂ 1, and ^2)' opposition efiFect coefiBcients Bq and h, refractive index n. surface 

slope probability distribution coefiBcients aj and a2, and mean surface slope angle 9. Not 

all of these parameters need to be varied for a given surface. 

Generally, the specular terms will not be necessary for modeling geologic surfaces, 

but as demonstrated by Shepard, et al. (1993). some geologic surfaces do indeed exhibit 

specular behavior. An alternate formulation of the general model is also given by Shepard 

et al. (1993), replacing Equation 2.18 with the much simpler: 

ri i, e, = r( /, e, + r{ (2.27) 

It will be shown in Chapter 3 that this simpler foraiulation more accurately 

describes the measured target scattering properties. This simplification results in the gen

eral photometric model having the form: 

(2.28) 
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3. Calibration Targets 

3.1 Introduction 
In order to facilitate spectrophotometric calibration of imaged materials, two RTs 

have been included on the Mars Pathfinder spacecraft. In addition, several color targets 

(CTs) are used as a direct reference standard for ferric oxides, as well as for assisting the 

color balancing of tme-color images. The two RTs are located on the spacecraft, each with 

a set of CTs, and two more sets of CTs located next to the magnetic arrays as shown in 

Figure 3.1, as well as on both sides of the rover. 

Calibration targets are needed in order to compute the bidirectional reflectance of 

imaged materials. The quantity of interest is radiance coefiicient, defined in the previous 

chapter as the ratio of the radiance of an object measured at fixed incidence and emission 

angles to the radiance of a Lambert surface identically illuminated and viewed. By careful 

calibration of the targets in the laboratory, we can determine the factors necessary to cor

rect a target measurement to a Lambert surface, which is the true reference standard for 

our measurements. 

The design and fabrication of the targets will be briefly discussed, followed by an 

explanation of the preirradiation program. Independent measurements of the scattering 

properties of the targets will then be reviewed. Finally, the target data will be inverted to 

determine model parameters describing the targets as discussed in the previous chapter. 

3.2 Design and Fabrication 
Calibration targets were included on the Viking Landers in the form of reference 

test charts (RTCs) that consisted of several gray and color patches (Figure 3.2). The expe-
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+x 

3.1) Location of IMP radiometric and color calibration targets on Mars Patiifinder 
spacecraft. 



3.2) Viking Lander 1 Reference Test Charts (Image 12C229/268) 
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rience gained with their design and usage has influenced the design of the IMP calibration 

targets. 

The IMP RTs consist of a three-ringed bull's-eye with a central shadow post (Fig

ure 3.3). The rings have decreasing albedo from the center to the edge (white, gray, black). 

The targets will be mounted horizontally on the spacecraft, eliminating the directional 

dependence of the Viking RTCs. This is important, since the orientation of the spacecraft 

relative to the sun on the surface of Mars will be random. The shadow post shades the 

rings and provides a means of measuring the contribution of diffuse atmospheric radiance 

directly, thereby permitting computation of the contribution of direct solar radiance. 

Details of the usage of the targets will be described in the following chapter. 

Two different methods of target fabrication were considered. First was simply 

painting the rings on an aluminum substrate. This produced unacceptable results, with the 

surface coating being very irregular and unsuitable for spectrophotometric applications. 

The technique chosen for final target fabrication was direct casting of the target rings 

using pigments suspended in a silicone rubber binder. This process was developed by R. 

Singer for fabrication of the CTs, and was extended to the RT case. All targets were fabri

cated by R. Singer; the process will be briefly described. 

All targets were cast in aluminum molds, with the top surface of the target in con

tact with a plate of bead-blasted aluminum, intended to provide a diffuse surface closely 

approximating a Lambert surface. Fine pigments were used for the radiometric targets. 

These pigments were well mixed and had all clumps removed prior to addition to the sili

cone rubber binder. For the RTs, the binderrpigment ratio was 2:1. For the CTs, the 



3.3) IMP upper RT viewed from the stowed position. 
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bindenpigment ratio was 20:1. Pigments used for the targets are listed in Table 3.1. The 

radiometric rings were cast as rings, each batch producing two rings and two wimess sam

ples which were individually calibrated. Due to the much simpler nature of the color tar

gets, they were cast as fiill pads from which the targets and wimesses were cut following 

laboratory calibration. 

Once the targets were fabricated, they underwent the laboratory calibration dis

cussed below. Upon completioa of that calibration, the radiometric rings were bonded to 

their aluminum baseplates and shadow posts were attached, and the color pads were cut 

into pieces of the appropriate size, and all flight targets were sent to JPL for mounting on 

the spacecraft. Backup targets are mounted on a lander mockup testbed at JPL, and the 

flight spare targets are undergoing additional testing at UA and DLR. 

Table 3.1) Pigments used in IMP calibration targets. 

Target Pigment 
BindenPigment 

Ratio 

White RT Rutile 2:1 

Gray RT Rutile/Carbon 2:1 

Black RT Carbon 2:1 

Red(CT#l) Hematite 20:1 

Brown (CT #2) Maghemite 20:1 

Yellow (CT $3 Goethite 20:1 

Green (CT #4) Chromium Dioxide 20:1 

Blue (CT #5) Cobalt 20:1 
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3.3 UV Preirradiation 
Since the spacecraft will experience high levels of exposure to ultraviolet (UV) 

radiation, concerns were raised regarding the stability of the targets' scattering properties 

during the course of the landed mission. A test program was initiated that did in fact indi

cate that the reflectance of the targets changed with time, but also that once a sufficient 

dose of UV radiation is absorbed, the rate of change tends level off. For this reason, a pro

gram to preirradiate all targets with the equivalent of 30 Martian sols of UV radiation was 

enacted. The results are described below. 

A test chamber was constructed of black-painted aluminum to minimize reflec

tions from the UV source. The source was placed 20cm from the target materials, produc

ing an exposure rate of ~5 times that of Mars (one 24 hour lab exposure day was 

equivalent to 5 integrated sols of UV radiation). This exposure rate was measured using a 

photodiode and scaled by the published spectral intensity of the UV source used. The tests 

were done in room air, with the targets mounted to a water-cooled copper plate. 

During the initial test phase, several sample targets were exposed for a total of 21 

lab days (~105 sols). Targets were measured at several times during this period, with the 

greatest change in reflectance occurring at short wavelengths, as a property of the silicone 

rubber binder (Figure 3.4), and is generally more pronounced in targets that have a high 

binder.pigment ratio (such as the CTs), and less pronounced in targets that have a low 

binderrpigment ratio (such as the RTs) (Figure 3.5). The two shortest wavelength filters, 

440 and 480tun, will be the most affected. In general, the reflectance values of the targets 

stabilized at some value after a sufficient dose of UV radiation was absorbed (Figure 3.5). 
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3.4) Ratio of reflectance of UV exposed silicone binder to unexposed values at several 
exposure levels. Stabilized ratio values are the lowest curves on the plot. 
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3.5) Comparison of effect of UV exposure on different materials. Note that high-pig
ment white target (upper curve) exhibits a much smaller change than the low-pigment 
white target (middle curve), both of which exhibit a smaller change that for pure silicone 
(lower curve). Also note that rate of change tends toward zero after sufficient exposure. 
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For some targets, notably the gray radiometric targets, this stabilization did not occur. 

Rather, the rate of change of target reflectance reaches a small, nonzero value. 

Based on these experiments, it was decided that the final flight targets, as well as 

all spare and backup targets, should be irradiated with a minimum exposure equivalent to 

30 sols. This exposiu-e was deemed adequate to provide suflBcient stabilization of target 

reflectance properties. Further exposure would have been useful to ensure that stabiliza

tion had occurred, and to better characterize the behavior of the gray target, but time con

straints prohibited additional lab exposure time. 

These experiments were done in open air. It is possible that the observed color 

change in the targets was the result of a chemical reaction with the O2-N2 atmosphere of 

Earth, and that exposure to UV in a COo atmosphere may result in no yellowing (or a dif

ferent effect entirely). This issue remains unresolved. Further UV exposure experiments in 

a CO2 atmosphere using spare targets or wimess samples may be necessary if these prop

erties are to be better understood. 

3.4 Reflectance Properties 
In order to use the targets for spectrophotometric image calibration, the reflectance 

properties of the targets must be well understood. The targets were intended to emulate, as 

closely as possible, Lambert surfaces of known reflectance, described by Equation 2.3. 

Since this is an unattainable result using real materials, the reflectance properties of the 

targets must be carefully measured. 

In order to understand the behavior of the targets, two datasets are being studied. 
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The first, acquired by die author at UA, is a measurement of the radiance coeflBcient of the 

targets at a single incidence angle and emission angle, but at high spectral resolution. The 

second, provided by DLR, is a measurement of the radiance coeflBcient of the targets over 

a wide range of incidence, emission, and phase angles, but at a limited number of wave

lengths. 

The targets are modeled using the theory developed in the previous chapter. By 

reducing the datasets available, the single scattering albedo w, as well as the phase func

tion, opposition effect, and specular reflection parameters, can be determined. Knowledge 

of these parameters will permit determination of the radiance coeflScient of the calibration 

targets for any viewing geometry. 

3.5 Laboratory Spectrophotometer Measurements 
The laboratory spectrophotometer measurements precisely measured the spectral 

properties of the targets at a single incidence and emission angle. These measurements 

were acquired at a high spectral resolution relative to the width of the filter bandpasses. 

such that the integrated intensity of radiation transmitted by each filter could be accurately 

determined. 

Bidirectional reflectance measurements were taken of all IMP calibration targets. 

All measurements are normalized by measurement of a Spectralon reflectance standard, 

and represent the primary calibration dataset for the flight targets. Radiometric, color, and 

flat field targets were measured. The flat field targets were removed fi-om the final flight 

design and will not be discussed fiirther. 

Since the two types of targets serve different purposes, and since each was fabri
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cated in a different way, the technique used to measure each tj^e of target was somewhat 

different. The RTs were measured individually, at several locations on each ring, and with 

a very large number of total measiu^ments, as their reflectance properties must be known 

very accurately. CTs, however, were measured as full pads prior to cutting to the proper 

size for placement on the spacecraft, as the accuracy of these measurements was of less 

importance than those of the radiometric targets. 

All bidirectional reflectance measurements were made using a Cary-14 spectro

photometer. The Cary-14 was retrofitted with a stepper motor for more precise monochro-

mator control and an improved detector and electronics to provide 12-bit digital output. 

The spectrophotometer was linked to a 386 Windows PC running a Matlab-based GUI to 

facilitate data acquisition. The spectrophotometer settings used for each run are listed in 

Table 3.2. All targets were illuminated at an incidence angle of 0°, and measured at an 

emission angle of 30° and phase angle of 30°. 

3.5.1 Radiometric Targets 
Accurate measurement of the bidirectional reflectance of the RTs was of critical 

importance since these targets will provide the primary reflectance standards used by IMP. 

As such, they were given the greatest amount of attention and care to provide accurate 

measurement with minimum error and without damage to the targets. 

Each target was measured individually, as was each witoess sample. There were 

six targets and six witnesses of each of the three albedos. Two of the witoesses were dam

aged during fabrication and were not measured. Samples were measured by placing them 

on a platform inside the spectrophotometer such that the height of the sample surface 
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Table 3.2) Cary-14 settings for UA radiance coefficient measurements. 

Parameter Setting 

Wavelength Range 320-1200nm 

Monochromator Speed 12nm/s 

Slit Width (CTs) 1.25mm 

Slit Width (RTs) 1.9mm 

nm/Chop 0.08 

Chops to Average 4 

nm/Channel 0.32 

Total Channels 275 

matched the height of the reflectance standard. Special care was taken to accurately posi

tion these samples, so there is only a +/- I mm positioning error associated with these mea

surements. resulting in a maximum 1% systematic error in the final target reflectance 

values. Only the measurements of the flight RTs will be discussed here. Figures and tables 

of the flight spare and backup calibration target sets can be found in the Appendix. All 

plots of radiometric target spectra include the locations of and errors associated with the 

flight geology filter set. 

3.5.1.1 Blacic Rings 
Each black target ring was measured ten times at 36' intervals, using five reflec

tance standard measurements, and each black witness was measured five times at 72° 
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intervals, using three reflectance standard measurements. Reflectance spectra for the two 

black flight targets are shown in Figure 3.6, with values at IMP bandpasses listed in Table 

3.3. These targets are nearly identical and quite uniform over the entire spectral range 

sampled by the flight filter set. The uncertainty in the reflectance measurements of the 

black rings is approximately 4-5%, which is quite small when it is considered that the tar

gets have a bidirectional reflectance of about 0.043 over their range, and the errors mea

sured represent a deviation of only about 0.001-0.002 in reflectance. 

3.5.1.2 Gray Ring 
Each gray target ring was measured eight times at 45° intervals, using five reflec

tance standards, and each gray witness was measured four times at 90° intervals, using 

three reflectance standards. Reflectance spectra for the two gray flight targets are shown in 

Figure 3.7. with values at IMP bandpasses listed in Table 3.4. These targets are again 

nearly identical, but are far from uniform over the IMP spectral range. They have a peak 

reflectance of-0.53 measured at 440nni, dropping to a reflectance of-0.27 at lOOOrun. 

This interesting behavior is probably due to an interaction between the black and white 

pigments mixed to form gray. The uncertainty the gray target reflectances are about 1-2%. 

better than for the black targets. Error tends to increase with decreasing reflectance, an 

indication of the noise inherent in measuring lower albedo objects. This is also supported 

by the observation that the actual variation in reflectance of the gray targets is only 0.002-

0.003, remaining fairly constant over the range of IMP bandpasses. 

3.5.1 J White Ring 
Each white target ring was measured six times at 60° intervals, using four reflec
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tance standards, and white witness was measured three times at 120° intervals, using two 

reflectance standards. Reflectance spectra for the white flight targets are shown in Figure 

3.8, with values at IMP bandpasses listed in Table 3.5. These targets are again nearly iden

tical, and have fairly uniform reflectance over the range sampled by the filter set. The 

shortest wavelength filters, LO, RO and RIO, Just begin to sample the dropoff to the ultravi

olet, but this effect is small. The uncertainty in the measurement of the white RTs is the 

lowest of any calibration target, -0.5% over the range of IMP bandpasses. This is not sur

prising considering its high reflectance of0.93-0.96 over this range, again indicating that 

signal-to-noise at low albedos is the largest contributor to error. A few larger (~l.5%) 

errors are generally caused by spikes in the reflectance data caused by grating changes 

during the measm-ement of the white targets. Variations in the actual reflectance measure

ments range fi-om -0.002-0.01. 

3.5.2 Color Targets 
Color calibration targets were measured in the spectrophotometer using full pads 

rather than individual targets. Since knowledge of the CT reflectances are less critical than 

the RT reflectances, the measurement technique was less rigorous. Full pads were placed 

inside the spectrophotometer such that their surface matched the height of the reflectance 

standard. Error of placement was +/- 2mm, resulting in a maximum 2% systematic error in 

the final target reflectance measiu-ements. 

Each pad was measured in three locations using two orientations 90° apart, for a 

total of six measurements per pad. Three measurements were also taken of the spectralon 

reflectance standard for each pad. Pads were measured using the same apparatus as the 
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Table 3 J) Black RT radiance coefficient values at 1=0°, e=30% g»30°, at IMP filter 
bandpass centers at Ts-20°C. 

Filter 
Wavelength 

(nm) 

Upper 
Target 

Reflectance 

Upper 
Target 
Error 

Lower 
Target 

Reflectance 

Lower 
Target 
Error 

LOO 444.235 0.04257 0.00137 0.04248 0.00116 

LOS 671.397 0.04182 0.00127 0.04144 0.00100 

L06 801.351 0.04316 0.00140 0.04247 0.00112 

LOT 858.554 0.04352 0.00137 0.04274 0.00116 

LOS 898.223 0.04364 0.00139 0.04280 0.00118 

L09 931.364 0.04361 0.00137 0.04276 0.00117 

LIO  1002.430 0.04385 0.00156 0.04306 0.00120 

L l l  967.839 0.04362 0.00146 0.04291 0.00122 

ROO 444.124 0.04257 0.00137 0.04249 0.00116 

R05 671.241 0.04182 0.00127 0.04144 0.00100 

R06 752.016 0.04283 0.00134 0.04219 0.00107 

R08 599.545 0.04166 0.00130 0.04141 0.00100 

R09 531.604 0.04194 0.00122 0.04248 0.00116 

RIO 481.293 0.04222 0.00123 0.04144 0.00100 

R l l  966.595 0.04362 0.00145 0.04247 0.00112 
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Table 3.4) Gray RT radiance coefficient values at i=0°, e=30% g=30% at IMP filter 
bandpass centers at T~20°C. 

Filter 
Wavelength 

(nm) 

Upper 
Target 

Reflectance 

Upper 
Target 
Error 

Lower 
Target 

Reflectance 

Lower 
Target 
Error 

LOO 444.235 0.52914 0.00327 0.52257 0.00620 

LOS 671.397 0.39527 0.00221 0.38891 0.00454 

L06 801.351 0.33256 0.00198 0.32574 0.00443 

L07 858.554 0.31064 0.00186 0.30552 0.00462 

LOS 898.223 0.29641 0.00194 0.29097 0-00453 

L09 931.364 0.28461 0.00211 0.27835 0.00452 

LIO  1002.430 0.26258 0.00263 0.25586 0.00457 

L l l  967.839 0.27139 0.00256 0J26536 0.00517 

ROO 444.124 0.52923 0.00326 0.52267 0.00619 

R05 671.241 0.39539 0.00221 0.38903 0.00454 

R06 752.016 0.35404 0.00205 0.34813 0.00447 

R08 599.545 0.43674 0.00254 0.42984 0.00495 

R09 531.604 0.47783 0.00250 0.47131 0.00535 

RIO 481.293 0.50814 0.00298 0.50120 0.00584 

R l l  966.595 0.27189 0.00247 0.26593 0.00518 
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Table 3S) White RT radiance coefficient values at i=0°, e=30°, g=30°, at IMP filter 
bandpass centers at T~20°C. 

Filter 
Wavelength 

(nm) 

Upper 
Target 

Reflectance 

Upper 
Target 
Error 

Lower 
Target 

Reflectance 

Lower 
Target 
Error 

LOO 444.235 0.93013 0.00512 0.92463 0.00609 

LOS 67L397 0.96519 0.00190 0.96266 0.00363 

L06 80L351 0.96117 0.00444 0.96079 0.00348 

L07 858.554 0.96197 0.00177 0.95828 0.00428 

LOS 898.223 0.95603 0.00189 0.95241 0.00438 

L09 93L364 0.95881 0.00288 0.95633 0.00393 

LIO  1002.430 0.94353 0.01120 0.94718 0.00471 

L l l  967.839 0.95429 0.01131 0.95066 0.00851 

ROO 444.124 0.92992 0.00512 0.92445 0.00608 

R05 671.241 0.96518 0.00190 0.96263 0.00363 

R06 752.016 0.96424 0.00252 0.96225 0.00387 

R08 599.545 0.96076 0.00249 0.95901 0.00361 

R09 531.604 0.95742 0.00260 0.95131 0.00569 

RIO  481.293 0.94928 0.00421 0.94159 0.00659 

LOO 444.235 0.93013 0.00512 0.95077 0.00842 
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3.6) Black RT radiance coefficient values at i-0% e=30°, g=30% measured at UA. Error 
bars are located at IMP geology filter bandpass centers for T=-20°C. Note that A is the 
upper target and B is the lower target. 
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3.7) Gray RT radiance coefficient values at i=0°, e=30°, g=30% measured at UA. Error 
bars are located at IMP geology filter bandpass centers for T=-20°C. Note that A is the 
upper target and B is the lower target. 
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3.8) White RT radiance coefficient values at i=0°, e=30% g=30°, measured at UA. Error 
bars are located at IMP geology filter bandpass centers for T—20'C. Note that A is the 
upper target and B is the lower target. 
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radiometric targets. All plots of CT spectra include the locations of and errors associated 

with the flight geology filter set. 

3.5.2.1 Hematite CRed) 
The hematite CT is primarily intended to provide a red color reference to aid the 

creation of true-color composite images. It also provides a direct reference to the mineral 

hematite, which may be present in small quantities on the martian surface. The hematite 

target reflectance spectrum (Figure 3.9) is quite dark in short-wavelength filters (LRO. 

RIO. R9). but brightens greatly in the red. The wide absorption band centered at 860nm is 

well sampled by the IR flight filter set. Values at IMP bandpasses are listed in Table 3.6. 

The reflectance measurement of the hematite pad is well-behaved, having errors of-2-5% 

in the UV-green, where the SNR is very low, and errors of-2-3% in the red-IR. where the 

reflectance is much higher. 

3.5.2.2 Maghemite (Brown) 
The maghemite CT is intended to provide a direct reference to ±e mineral 

maghemite, which may be present on the martian surface. Similar to the hematite curve, 

the maghemite reflectance spectrum (Figure 3.10) is dark in blue wavelengths, but bright

ens greatly in the red and infrared. The wide absorption band centered at 930nm is also 

well sampled an quite distinguishable from the hematite spectrum. Values at IMP band-

passes are listed in Table 3.7. The error in the measurement of reflectance of the 

maghemite pad is better behaved than that of hematite. There are -2-5% errors in the UV-

green, but error is nearly uniform at -1.5% in the green-IR, where again the SNR is much 

higher. 
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3.5.2 J Goethite (Yellow) 
The goethite CT is intended to provide a direct reference to the mineral goethite, 

which may be present on the martian surface. As with the other ferric oxides, the goethite 

spectrum (Figure 3.11) is dark in the blue wavelengths, but begins to brighten earlier in the 

green, giving it a bright yellow appearance. This yellow peak in reflectance is not well 

sampled by the IMP geology filter set. It also has a wide absorption band centered around 

9 lOnm that is similar to but still distinguishable from that of the maghemite target. Values 

at IMP bandpasses are listed in Table 3.8. It has errors comparable to those of the 

maghemite pad. with ~2-5% error in the UV-green and ~1.5% error in the green-IR. 

3.5.2.4 Chromium Dioxide (Green) 
The green Cr02 CT is intended to provide green color balance for true-color com

posite images. The paint pigments are different fr"om the natural ferric oxides in that out

side the visible region of the spectrum, their reflectances are not unique. The green 

spectrum (Figure 3.12) has a small peak centered at 410nm that is not sampled by the 

flight filter set, and a large green peak that is well sampled by filter R9. Filters L5 and R5 

also sample the rise in reflectance toward the infrared. This red response must be taken 

into account when color balancing is done. Values at IMP bandpasses are listed in Table 

3.9. It has large errors of-6% and -4% in the absorptions near 560nm and 600 nm, and 

~2% error at the green peak reflectance near 530nm. The remainder of the spectrum in the 

red-IR has errors of ~I.5%. 

3.5.2.5 Cobalt (Blue) 
The cobalt blue CT is intended to provide blue color balance for true-color com-



Table 3.6) Hematite (Red) CT radiance coefficient values at i=0% e=30% g=30% 
IMP filter bandpass centers at T»-20°C. 

Filter 
Wavelength 

(nm) 
Reflectance Mean Error 

LOO 444235 0.02890 0.00183 

LOS 67L397 0.26361 0.00497 

L06 80L351 0.26796 0.00641 

L07 858.554 0.22693 0.00574 

L08 898.223 0.22951 0.00617 

LOS 93L364 0.25052 0.00708 

LI O  1002.430 0.36860 0.01157 

L l l  967.839 0.30103 0.00920 

ROO 444.124 0.02889 0.00183 

R05 671.241 0.26338 0.00496 

R06 752.016 0.33045 0.00726 

R08 599.545 0.19799 0.00333 

R09 531.604 0.03561 0.00161 

RI O 481.293 0.02997 0.00170 

LOO 444.235 0.02890 0.00183 



Table 3.7) Maghemite (Brown) CT radiance coefficient values at 1=0°, e»30'', g==30°, 
IMP filter bandpass centers at T~20°C. 

Filter 
Wavelength 

(nm) 
Reflectance Mean Error 

LOO 444.235 0.02845 0.00173 

LOS 671.397 0.29278 0.00364 

L06 801.351 0.41712 0.00569 

L07 85S.554 0.38144 0.00486 

LOS 898.223 0.36274 0.00453 

LOS 931.364 0.35675 0.00448 

LIO  1002.430 0.36932 0.00537 

L l l  967.839 0-35938 0.00519 

ROO 444.124 0.02844 0.00174 

R05 671.241 0.29163 0.00362 

R06 752.016 0.42627 0.00558 

ROS 599.545 0.17347 0.00282 

R09 531.604 0.05920 0.00141 

RIO 48U93 0.02845 0.00173 

LOO 444.235 0.29278 0.00364 



Table 3.8) Goethite (Yellow) CT radiance coefficient values at i=0% e=30% g=30 
IMP filter bandpass centers at T~20°C. 

Filter 
Wavelength 

(nm) 
Reflectance Mean Error 

LOO 444.235 0.04312 0.00248 

LOS 67L397 0.39201 0.00664 

L06 80L351 0.46696 0.00635 

L07 858.554 0.39555 0.00550 

L08 898.223 0.37545 0.00530 

L08 93L364 0.37536 0.00515 

LI O  1002.430 0.40865 0.00572 

L l l  967.839 0.38760 0.00613 

ROO 444.124 0.04307 0.00248 

R05 671.241 0.39181 0.00662 

R06 752.016 0.50393 0.00652 

R08 599.545 0.40611 0.00607 

R09 531.604 0.14527 0.00348 

RI O 481.293 0.05213 0.00251 

LOO 444.235 0.38708 0.00607 



56 

Table 3.9) Chromium Dioxide (Green) CT radiance coefficient values at N0°, e=30% 
g=30% at IMP filter bandpass centers at T=-20°C. 

Filter 
Wavelength 

(tun) 
Reflectance Mean Error 

LOO 444.235 0.04200 0.00237 

LOS 671.397 0.12343 0.00280 

L06 801.351 0.51614 0.00729 

L07 858.554 0.53383 0.00702 

L08 898.223 0.53609 0.00692 

LOS 93L364 0.53903 0.00704 

LIO  1002.430 0.53901 0.00777 

L l l  967.839 0.53919 0.00811 

ROO 444.124 0.04209 0.00238 

R05 671.241 0.12305 0.00279 

R06 752.016 0.37093 0.00559 

R08 599.545 0.05745 0.00227 

R09 531.604 0.14839 0.00355 

RIO 481.293 0.04130 0.00195 

LOO 444.235 0.53935 0.00801 
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Table 3.10) Cobalt (Blue) CT radiance coefficient values at i=0% e=30% g=30% at IMP 
filter bandpass centers at T~20*C. 

Filter 
Wavelength 

(nm) 
Reflectance Mean Error 

LOO 444.235 0.34113 0.00498 

LOS 67L397 0.18094 0.00294 

L06 80L35I 0.75326 0.00718 

L07 858.554 0.74301 0.00751 

L08 898.223 0.70559 0.00729 

LOS 93L364 0.70232 0.00713 

LI O  1002.430 0.52513 0.00728 

L l l  967.839 0.64015 0.00794 

ROO 444.124 0.34122 0.00498 

R05 67L24I 0.17826 0.00292 

R06 752.016 0.73992 0.00723 

R08 599.545 0.02617 0.00174 

R09 531.604 0.05525 0.00198 

RIO 481.293 0.27603 0.00406 

LOO 444.235 0.64326 0.00786 
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3.9) Hematite (Red) CT radiance coefficient values at i=0% e=30% g=30% measured at 
UA. Error bars are located at IMP geology filter bandpass centers for T—20°C. 
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3.10) Maghemite (Brown) CT radiance coefficient values at i=0% e«30% g=30% mea
sured at UA. Error bars are located at IMP geology filter bandpass centers for T=-20°C. 
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3.11) Goethite (YeUow) CT radiance coefficient values at i=0°, e=30% g»30°, measured 
at UA. Error bars are located at IMP geology filter bandpass centers for T—20°C. 
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3.12) Chromium Dioxide (Green) CT radiance coefficient values at i=0°, e=30% g=30°, 
measured at UA. Error bars are located at IMP geology filter bandpass centers for T=-
20°C. 
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3.13) Cobalt (Blue) CT radiance coefficient values at 1=0°, e»30°, g=30°, measured at 
UA. Error bars are located at IMP geology filter bandpass centers for T—20°C. 
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posite images. The blue target spectrum (Figure 3.13) has a strong blue peak that is well 

sampled by filters LRO and RIO. As with the green target, filters L5 and R5 sample the rise 

in reflectance toward the infiared and may give a false reddening if not properly accounted 

for when color balancing images. Values at IMP bandpasses are listed in Table 3.10. 

It has ~l.5% error in the UV-blue, then spikes up to 6-7% error in the green-red 

(where it has significant absorption), then drops to ~1% error in the ER. 

3.6 DLR Measurements 
Bidirectional reflectance measurements of the calibration targets have also been 

obtained fi:om DLR in Germany. The data obtained firom these measurements complement 

the UA data by expanding the range of incidence, emission, and phase angles measured 

for the targets. Data were obtained using a goniometer with incidence angle range fi-om -

70° to 70°. emission angle range from -65° to 65° and azimuth angle range from 70° to 

310°. Target measurements were acquired in a subset of these angle ranges. 

For the primary measurements, two emission angles were used, with several inci

dence angles measured in the principal plane. The emission angles are 26°, corresponding 

to the positions of both RTs from the IMP deployed position, and 47°, corresponding to 

the lower RT from the IMP stowed position. In the stowed position, the upper RT is nearly 

edge-on to the camera, at an emission angle of-82°, which is not calibratable with the 

equipment available. 

White RT reflectance data are plotted in Figures 3.14a and 3.15a for three wave

lengths (440rmi, 660imi, and 960nm). A strong opposition surge, characteristic of low-

absorption materials, is seen for both emission angles. A broad rise in reflectance is seen 
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near the specular geometry for e=26% and a rise beyond the specular geometry is seen for 

e=47°. This behavior is consistent with specular reflections as discussed in Chapter 2 and 

by Shepard, et al. (1993). Surface plots covering all measured wavelengths are given in 

Figures 3.14b and 3.15b. These show that the opposition effect and specular surges are 

nearly independent of wavelength. The dip in reflectance at 680nm is due to polarization 

effects in the equipment (A. Dummel, personal communication, 1997). 

Gray RT reflectance data are plotted in Figures 3.16a and 3.17a for three wave

lengths (440nm, 660nm, and 920nm). As with the white targets, a strong opposition surge 

and specular reflection are seen. The magnitude of the opposition effect is correlated with 

the overall reflectance at any given wavelength, consistent with the theory. Surface plots at 

all measured wavelengths are given in Figures 3.16b and 3.17b. Again, the dip reflectance 

at 680nm is caused by polarization effects. 

Black RT reflectance data are plotted in Figure 3.18a for three wavelengths 

(440nm, 660nm, and 960nm), only for e=26°. Data for e=47° are not yet available. The 

black targets exhibit a very small opposition effect, consistent with theory, and a large 

specular surge that accounts for as much as half the maximum reflectance observed. A sur

face plot showing all wavelengths is given in Figure 3.18b. Once again, the dip in reflec

tance at 680nm is due to polarization effects. 

The DLR data indicates that specular reflection is a significant factor in the reflec

tance behavior of the RTs. This is no surprise, since the RTs are constructed from a pig

ment suspended in a silicone rubber binder. This binder, by itself, is reasonably clear, but it 

has an index of refiraction greater than one. Not only will this result in a specular reflection 
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3.14) White RT radiance coefficient values at e='26'' measured at DLR. a) values 
plotted at 3 wavelengths. Note strong opposition surge and specular reflection, b) val
ues plotted vs. I and A.. 
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3.15) White RT radiance coefficient values at 6=47' measured at DLR. a) values 
plotted at 3 wavelengths. Note strong opposition surge and specular rise beyond i=-47°. b) 

values plotted vs. i  and X. 
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3.16) Gray RT radiance coefficient values at ^26° measured at DLR. a) values 
plotted at 3 wavelengths. Note that opposition surge is smaller compared to the specular 
rise than for the white RT. b) values plotted vs. i and X. 
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3.17) Gray RT radiance coefficient values at ̂ 4T measured at DLR. a) values 
plotted at 3 wavelengths. Note that opposition surge is smaller compared to the specular 
rise than for the white RT. b) values plotted vs. i  and X. 
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3.18) Black RT radiance coefficient values at e»26° measured at DLR. a) values 
plotted at 3 wavelengths. Note that opposition effect has nearly vanished, while specular 
reflection can double the radiance coefl!icient value at some geometries, b) values plot
ted vs. / and X. 



at the surface, but also in the refraction of the incident and emitted rays inside the material. 

Both of these factors must be taken into account when the RTs' scattering properties are 

modeled, as discussed in the next section. 

Also of importance is a comparison of DLR measurements to those taken at UA. 

Data are compared at all available wavelengths, having geometry i=0°, e=30°, and g=30° 

for the UA measurements, and i=0°, e=26% g=26° for the DLR measurements. White tar

get data is plotted in Figure 3.19. Clearly, there is some disagreement at short wave

lengths, large compared to estimated +/-0.01 uncertainty in reflectance. It is unclear what 

the nature of this discrepancy is. Gray target data are compared in Figure 3.20. In this 

case, the disagreement occurs at longer wavelengths, with the DLR data having a greater 

measured reflectance than the UA data, significant compared to the estimated +/-0.008 

uncertainty. Finally, black target data are compared in Figure 3.21. Here, the DLR mea

surements are uniformly above the UA measurements by ~0.015, well beyond the esti

mated +/-0.002 uncertainty in reflectance. This discrepancy is likely due in part to 

systematic error on the order of +/-0.01 in reflectance in the UA measurements. This addi

tional error must be included in all error estimates as discussed in the following chapter. 

The DLR measurements clearly indicate that the RT scattering behavior is not as 

simple as desired. All targets exhibit significant opposition surges and specular reflections. 

In addition, the discrepancies between the DLR and UA measurements are another source 

of uncertainty. While these datasets represent the best information available regarding RT 

scattering behavior, they indicate that more study of the backup targets and flight target 

wimess samples must be undertaken in order to reduce these uncertainties. Additional 
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3.19) Comparison of White RT UA and DLR measurements. Disagreement short of 
550nm is larger than estimated +/- 0.01 uncertainty. 
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3.20) Comparison of Gray RT UA and DLR measurements. Disagreements occurs in 
the IR and is greater that estimated errors of +/- 0.008. 
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3.21) Comparison of Black RT UA and DLR measurements. Disagreement occurs uni
formly, with the DLR measurement -0.015 greater than the UA measurement. These 
datasets seem to indicate that systematic error is a likely source of this disagreement. 
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measurements of the RTs will be forthcoming from DLR in part to address this issue, as 

well as the disagreement between DLR and UA measurements. 

3.7. Determinatioii of Model Parameters 
In order to perform spectrophotometric calibration of scene images, the radiance 

coeflScient of the RTs must be known for arbitrary illumination geometries. The measure

ments of the RT reflectance properties taken at UA and DLR represent only a small subset 

of the total range of incidence and azimuth angles likely to be encountered. As more DLR 

measurements are made, it will be possible to create a sparse grid of radiance coefficient 

values at a range of incidence and azimuth angles, which can be used to interpolate the 

radiance coefficient for any geometry. A more elegant solution is to model the RTs using 

standard bidirectional reflectance theory and invert the data for model parameters, which 

can then be used to generate radiance coefficient values for any illumination geometry. 

A parameter space search was used, varying each of 7 model parameters and then 

retuming the values that produced the best fit to the data. The first formulation of the 

model used, as given in (2.28) was (without the macroscopic surface roughness term): 

'•»,«/ = ' I (31) 

This formulation accounts for specular reflection, the opposition effect, and non-isotropic 

scattering. 

For the white target at e=26° and X=660rmi, the best fit parameters are listed in 

Table 3.11. Figure 3.22 shows the model fit to the data. Note that while the Xv^ value is 



quite low (with a=+/-0.01), the largest deviations between the model and data occur where 

the incidence angle is within 20° of vertical, an illumination geometry in which many 

observations will be taken. Model parameters have also been determined for the gray and 

black RTs. The best-fit values are listed in Table 3.11, with plots of the fit for the e=26° 

configuration given in Figures 3.23 and 3.24. Note that these fits, while reasonable within 

cr=+/-O.OI uncertainty, do not fit the data as precisely as desired. 

Model parameters have also been determined for the e=47° configuration for both 

the white and gray targets at A,=660nm. The best-fit values are listed in Table 3.12. with 

plots of the fits given in Figures 3.25 and 3.26. Again, these fits are reasonable within s=+/ 

-0.01 uncertainty, but could be better. Also, the model parameters for e=47° do not agree 

with those for e=26°, and when both datasets are combined in the inversion, the model 

parameters describing both cases are significantly worse than for the individual inversions. 

At e=26° and A.=440nm, the model presents a better fit to the data, as evidenced by 

the low Xv~ values for the parameters listed in Table 3.13. The curves generated by these 

model parameters are shown in Figures 3.27-3.29, for white, gray, and black RT rings. 

In an attempt to remedy the discrepancies in model parameter fits between wave

lengths and illumination conditions, a fiirther enhancement of the model, given by (2.26), 

was used, accounting for the change in effective incidence and emission angles inside the 

refi-acting medium, as well as the removal of light specularly reflected and before reaching 

the inside of the medium to be volume scattered. Interestingly, this formulation of the 

model actually produces worse results. 

At the present time, the first fomiulation of the model is reasonably accurate for 



describing the behavior of the calibration targets, within an acceptable margin of error. 

Since the data currently exists only in the principal scattering plane, ±e model parameters 

listed here must be considered preliminary. Further data from DLR will be forthcoming, 

augmenting the current dataset by expanding measurements outside the principal plane. 

Inclusion of this new data and refinement of the model parameter search will be reserved 

for future work. 

Table 3.11) Preliminary best-fit model parameters for DLR RT radiance coefficient 
measurements at e=26° and A.-660nm. 

Parameter White Gray Black 

w 0.9946 0.76 O . I l  

b 0.3 0.5 l.O 

Bo 1.3 1.2 0.2 

h 0.03 0.09 0.05 

n 1.68 2.0 1.4 

1.9 1.5 1.7 

02 3.3 3.3 3.7 

<T 0.01 0.008 0.002 

0 
'/C 0.48 0.79 8.4 
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3.22) Plot of best-fit model to DLR White RT radiance coefficient values at 660nm 
and e=26°. 
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3.23) Plot of best-fit model to DLR Gray RT radiance coefficient values at 660nm and 
e=26°. Note that specular peak of the model is being shifted to higher incidence angle that 
the data. 
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3.24) Plot of best-fit model to DLR Black RT radiance coefficient values at 660nm 
and e=26°. Note that specular peak of the model is now shifted significantly from that of 
the data. This discrepancy is to be resolved with future refinements of the model. 
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Table 3.12) Preliminary best-fit model parameters for DLR RT radiance coefficient 
measurements at e«47° and A.=660nm. 

Parameter White Gray 

w 0.9975 0.885 

b -O.l -0.3 

Bo 2.0 1.5 

h 0.03 0.04 

n 1.65 2.0 

a\ l.O 0.4 

02 2.6 3.1 

a 0.01 0.008 

•) 
X~ 0.60 0.84 
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3.25) Plot of best-fit model to DLR White RT radiance coefficient values at 660nm 
and e=47°. 
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3.26) Plot of best-fit model to DLR Gray RT radiance coefficient values at 660nm and 
e=47\ 
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Table 3.13) Prelimmary best-fit model parameters for DLR RT radiance coefficient 
measurements at e»26° and A.=440nm. 

Parameter White Gray Black 

w 0.974 0.84 0.07 

b 0.9 0.7 1.0 

Bo 1.4 1.4 0.9 

h 0.03 0.07 0.22 

n 1.9 1.9 1.4 

^1 1.7 1.8 1.9 

a-i 2.7 3.0 3.5 

a 0.009 0.008 0.002 

•> 
T 0.094 0.10 3.8 
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3.27) Plot of best-fit model to DLR White RT radiance coefficient values at 440nm 
and e=26°. 
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3.28) Plot of best-fit model to DLR Gray RT radiance coefficient values at 440nm and 
e=26°. 
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3.29) Plot of best-6t model to DLR Black RT radiance coefficient values at 440nm 
and e=26°. 
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4. Spectrophotometric Image Calibration 

4.1 Introduction 

In order to extract meaningful scientific information from the raw data, a proper 

calibration must be applied. For IMP geology images, the goal is to provide full spectro

photometric calibration, assigning a radiance coeflBcient value to each pixel, suitable for 

comparison to laboratory or field measurements. There are a number of higher-order cali

bration products that can be built firom spectrophotometrically calibrated images, such as 

true-color images, band ratio images, and reflectance spectra, which will not be explicitly 

discussed here. 

This chapter will describe a straightforward calibration procedure for quickly cali

brating images to a reasonable degree of accuracy. A fast calibration procedure is neces

sary for the early part of the landed mission, when data must be quickly interpreted to 

understand the local geologic context and identify locations for rover APXS analysis. 

While reasonably accurate, this procedure is no substitute for a rigorous formal calibration 

taking all possible factors into account. 

Spectrophotometric calibration requires several image processing steps. The first 

are instrument-level CCD corrections, primarily dark subtraction, electronic shutter cor

rection, and flat fielding. Second, the radiance values for the RTs must be converted to the 

values they would have under the illumination conditions of the scene image. The direct 

and difftise components of illumination can be measured directly from the RTs, permitting 

correction of total scene radiance to the radiance due to direct illumination only. Finally, 
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the calibration factor provided by the RT (in radiance coefficient/(DN/s)) can be applied to 

the scene image, giving radiance coeflBcient values for each scene pixel. 

There are several assumptions that are necessary to make the calibration procedure 

straightforward enough to return fast results. First, it is assumed that the RT images used 

are acquired close enough in time or illumination conditions to the scene image such that 

only a simple interpolation is necessary to estimate the RT radiance at the time of scene 

image acquisition. Second, the RTs are assumed to be Lambertian for the purposes of 

determining the downward diffuse atmospheric flux, having a reflectance value as mea

sured at UA. Third, the surface in the scene image is assumed to be flat and Lambertian. 

This final approximation is necessary for calibrating whole images at once, without any a 

priori knowledge of scene morphology. While somewhat crude, these assumptions are 

necessary to facilitate rapid image calibration necessary in the early parts of the landed 

mission. Refinements to these assumptions and the procedure will be discussed in the final 

chapter. 

4.2 Data Acquisition 
In order to calibrate a scene image, a minimum of one RT image in the same band

pass and eye must be acquired close in time with the scene image. If such an image does 

not exist, then an RT image taken at similar illumination conditions may be adequate. In 

general, if the RT and scene images are not acquired immediately after one another, then 

two or more RT images, bracketing the time of the scene image, can be used to interpolate 

the actual illumination conditions of the scene image. 

The calibration procedure outlined below assumes that an RT image exists. 
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whether actual or interpolated, that satisfies the above requirements. A simple linear inter

polation will not generally be adequate unless the separation in time is not too large. On an 

airless body, this is a simple interpolation, but when atmospheric scattering becomes sig

nificant, the process requires knowledge of the atmospheric intensity distribution as a 

fimction of solar zenith angle (SZA) A more sophisticated approach, using an atmospheric 

model based on Pollack and Cuzzi (1979) and Pollack et al. (1977) provided by M. 

Tomasko, is being studied for use during the landed mission. By using the available RT 

images as ground truth, the atmospheric model will permit the estimation of both direct 

and diffuse sources of radiant flux for any given time, enabling improvement to the cali

bration as the diffuse atmospheric source of irradiance is better characterized. 

4.3 Instrument Corrections 
Prior to any higher-order image calibration, the raw images must be corrected to 

remove noise inherent in the nature of the CCD detector and camera optics. The primary 

noise sources are thermally-generated signal electrons (dark current), pixel-to-pixel 

responsivity variations (flat field), and electronic shutter noise. There are other sources of 

noise which will not be explicitly discussed here, such as read noise, shot noise, and bad 

pixels. 

Radiometric calibration is necessary to convert the raw data numbers (DN) in an 

image into corrected values that are linear with the upward radiance (having imits of W/ 

m"/(im/sr) such that zero radiance is equivalent to zero DN/s. The raw image DN, how-
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ever, has the general form: 

C,. = RiT)IiFif^D,iT)t + S^ii;) (4.1) 

where Q is the measured DN in the rth pixel, /t(T) is the average responsivity (in DN/sAV/ 

m~/(ira/sr), is the scene radiance (in W/m^/|im/sr), F, is the flat field deviation from the 

average responsivity, normalized to a 100 pixel central region (x=l 18:127. y=l22:l3L 

unrotated), t is the exposure time (in s), D^T) is the dark current (in DN/s) generated in the 

image section of the chip, 5} is the total DN due to the dark current generated during 0.5ms 

of frame transfer and 2s of readout time (in DN) in the zth pixel as a function of the scene 

radiance, and T is temperature (in K). 

In general, four images are needed to return a single radiometrically calibrated 

image. The four are: I) A scene image with exposure time t, 2) A scene image with zero 

exposure time, 3) A dark image with exposure time t, and 4) A dark image with zero expo

sure time. The four images are combined and divided by the flat field table as follows: 

(^image.t ^image.O ) ( ^dark, t ^dark. 0 ̂  tmage.t image. (4.2) 
F 

where the form of each imagecan be determined using (4.1) 

C.r„a.e.r = RIFt + Dt + S(D (4.3) 

^imageM ~ (4.4) 

darkt = Dt + S(0) (4.5) 

Cdark.0 = 5(0) (4.6) 
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When the above four equations are substituted into (4.2), that expression will 

reduce to: 

= RIt 

which when divided through by the exposure time gives corrected values in units of DN/s 

that are linear with upward radiance and satisfy the constraint that zero radiance equals 

zero DN/s: 

c = ^ = RI 
t 

where lowercase c represents the corrected DN normalized by exposure time. 

4.4 Target Measurement 
Once the target image has been corrected to remove instrument effects, the radi

ance values relevant to spectrophotometric calibration can be measured. The six relevant 

values are the shaded and sunlit radiance in each of the three RT rings. Measurement of 

these values is a straightforward process, generally by manually selecting regions from the 

target. The sunlit regions give a measure of the total direct solar and difRise atmospheric 

irradiation the target is receiving, while the shaded regions give a measiu-e of the compo

nent of irradiation solely due to atmospheric illumination. 

Since bidirectional reflectance is only defined for the direct incident irradiation, the 

diffuse component must be removed, and the radiance values corresponding only to solar 

irradiation must be used. Ideally, this would simply involve subtracting the shaded radi

ance values from the sunlit radiance values. There are, however, several sources of error 

inherent to the target design that must be corrected before the final direct radiance can be 



accurately measured. 

The largest source of error arises from the location of the shadow post. The shadow 

post blocks direct sunh'ght, providing regions of the target that are illuminated solely by 

atmospheric irradiation. Error arises since the fraction of sky blocked by the post varies 

with distance from the post. This effect can be seen in acmal RT measurements (Figure 

4.1), and is most pronounced for the white shaded region near the shadow post. In order to 

account for this error, the shaded radiances must be boosted to the value they would have 

if illuminated by a fiill hemisphere of sky. 

Sicch 
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4.1) Target radiance vs. radial distance from center of shadow post. Note that for 
white sunlit and especially white shaded regions, the radiance drops significantly as dis
tance to the shadow post becomes small due to the blocking of a significant solid angle of 
the sky by the shadow post. 



The fraction of sky occulted by the shadow post is modeled by approximating the 

angular height and width of the shadow post. The angular height of the shadow post is 

approximated as: 

0^ = tan-i(^pj (4.9) 

and the angular width of the post is approximated as: 

= 2tan-'g] (4.10) 

where h and w are the height and width of the shadow post, and r is the distance from the 

center of the base of the shadow post. The total solid angle subtended by the shadow post 

is then approximated by: 

It/2 
Qp = J J sin0i/0£/(j) = <j>^sin0^ (4.11) 

9 = it/2-8p(j) =0 

A projection factor cos0 must be included to account for the falloff in irradiance 

with increasing incidence angle. When this factor is included and the model is integrated, 

the fraction of total sky irradiance is given by: 

(4.12) 

Subtracting the projected sky fraction from the total sky and taking the inverse gives us the 

correction factor 
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which is plotted in Figure 4.2. Multiplying this correction factor by the measured shaded 

radiance value will give the total radiance due only to diduse atmospheric illumination. 

Scattered light is also an important contributor to the measured RT radiances. The 

primary source of scattered light is the spacecraft itself. For the upper RT, the Low Gain 

Antenna (LGA) and IMP mast and camera head are the most significant scatterers, while 

the lower RT has a significant solid angle of sky subtended by a black shield which blocks 

scattering off of the white spacecraft body. The scattered light contribution fi-om the 

spacecraft is impossible to precisely characterize, but must be considered when calibration 

is performed. Another source of scattered light is the shadow post itself. Even though 

painted black, the shadow post still scatters a significant amount of light onto the target in 

the sunward direction, and decreases around the target to the shaded direction, as shown in 

Figure 4.3. This effect has not been well-studied, but can be minimized by measuring the 

sunlit portions of the target immediately adjacent to the shadow. 

The corrections added to the shaded radiances must also be applied to the sunlit 

portions of the target to boost their component due to diffuse illumination. Once this cor

rection is made, the average sunlit and shaded radiances for each ring can be found. These 

corrected shaded radiances correspond directly to the diffuse atmospheric irradiance. and 

the corrected sunlit minus corrected shaded radiances are proportional to the direct solar 

irradiance. Mathematically, these values are given as: 

^ (4.14) 

Note that the radial shadow post correction factor drops out of the computation of direct 



S9 

4.2) Shaded radiance correction factor as a function of radial distance from the cen
ter of the shadow post. Note that this correctioa is very important for the white ring close 
to the post, but is aknost ignorable for the black ring far from the post. 

>cy Sorof 
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4 J) Target radiance vs. azimuth about the shadow post. Note that in the sunward 
direction the radiance in the white target is -5% higher than in the shaded direction. 
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^diM) = + (/p - 1 )c,hair) -fpCsha^'') + <i>) (4-15) 
= Csun(r)-Cshair) + <|>) 

irradiance at a fixed radius, while the scattered light component does not. However, 

the radial shadow post correction factor is of critical importance to the measurement of 

diffuse irradiance, which will later be important for the correction of scene radiance prior 

to scene calibration. 

The primary instrumental errors are flat field error and camera noise sources. 

These errors are generally random, such that by averaging many pixels, the error of the 

mean can be significantly reduced, although there could be a significant systematic error 

present in the laboratory measurement of the flat field. Error predictions for each ring 

using a ~3500DN exposure for the white ring are given in Table 4.1. These estimates indi

cate that for a well-exposed target image, there is -2% error when measuring a single pixel 

in the white and gray rings, and ~4.5% error in the black ring. If all pixels on the target in 

each of the six regions are averaged, these errors become small enough that the limiting 

factor in calibration uncertainty will be the error in the laboratory measurement of RT 

reflectances, typically 1-1.5% for the white and gray rings, and -4% for the black rings. 

These predicted errors are generally consistent with errors computed for observations of 

the targets. 



Table 4.1) Estimated Error in Target Measurements 

Filter 
and 
Ring 

Target 
Error 

Single 
Pixel 
Error 

Average 
Error 

Total Single 
Pixel Error 

Total 
Average 

Error 

RO, W 1.2% 1.4% 0.1% 1.8% 1.2% 

RO,G 1.2% 1.4% 0.1% 1.9% 1.2% 

RO, B 3.7% 2.5% 0.2% 4.4% 3.7% 

R5, W 1.0% 1.4% 0.1% 1.7% 1.0% 

R5,G 1.2% 1.5% 0.1% 1.9% 1.2% 

R5, B 3.8% 2.3% 0.1% 4.4% 3.8% 

R l l ,  W  1.4% 1.4% 0.1% 2.0% 1.4% 

R I U G  1.4% 1.5% 0.1% 2.1% 1.4% 

R I K B  3.6% 2.5% 0.2% 4.4% 3.6% 



4.5 Correction to Lambert Reflectance 
With the RT radiance values corrected for shadow post effects and separated into 

direct and diffuse components, a radiance value for a Lambert surface at the given illumi

nation conditions can be determined. This Lambert reflectance value will be the normal

ization factor for the scene image. 

To correct to Lambert reflectance, the measured RT radiance values (in DN/s) due 

only to direct illumination must be fit to the radiance coefiBcient value for each ring at the 

given observation geometry. The RT radiance coefiBcient values can be computed using 

the model parameters determined in Qiapter 3 or found by interpolating over a grid of 

measured values. By performing a linear least-squares fit to the data, with the additional 

constraint that the fit must go through the origin (zero reflectance must be equivalent to 

zero upward radiance), the slope of the fit can be determined, and a radiance value can be 

computed for r^^l (Lambert reflectance), as shown in Figure 4.4. 

For simplicity, the RT radiance coefiBcient values will be described by .r on the 

ordinate, and the measured RT radiances will be described by y on the abscissa. Using this 

parameterization, the model describing the behavior of the RT measiurements is: 

y- = mx- (4.16) 

where the subscript i refers to the /th ring, and m is the multiplicative calibration factor 

(i.e. the slope of the line) relating x,- andy,-. 

It is at this point that the estimation of error is most critical. Since a Lambert sur

face is defined to have rc=l, all uncertainty in the knowledge of the RT radiance coeffi

cient values must be collapsed into the total uncertainty in the RT radiance. Error exists in 
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4.4) Idealized RT extrapolation to a Lambert surface. 

both the determination of radiance coefiBcient (cr j and upward radiance (cr^,), both of which 

must be considered when determining the calibration factor m (with error a^). Since ±e 

error in the abscissa caused by error in the ordinate is mcrj, we must first compute a working 

slope that permits us to estimate the error in x. prior to determining the final value and 

error estimate for m. 

For a least-squares fit using (4.16), we want to minimize the quantity: 

' ®v, 

where is the estimate of the misfit and a^- is the error in the measured radiance (error in 

radiance coefficient is assumed to be zero for the first pass). Solving for gives the start-
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ing estimate for the slope: 

i ct: 
T (4.18) 

X. 
r-j 
i <y 

which permits approximation of the total error (collapsed into the abscissa) as: 

(4.19) 

By replacing with a,- in (4.17) and repeating the above derivation, the best esti

mate for the calibration factor m can be determined: 

m = ^ (4.20) 

Just as important as the value of this calibration factor is the error in the radiance 

value at The error estimate at any radiance coeflBcient value is given by: 

= V (4.21) 

such that at jc=l the error is given by To determine <y„, use the equation: 

that is, the total error is the RMS sum of the errors associated with each datum multiplied 

by the effect that datum has to the determination of the slope of m. By performing the par-
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tial derivative on m, we find that: 

r" = -L. 
m 1 x7 

1 
(4.23) 

14 

This, however, is only the error associated with the uncertainty of the parameters 

used to compute the fit, not the actual deviation fi-om the measiured values. In order to 

compute this more relevant error, we must compute the sample standard deviation j of the 

fit: 

(4.24) 

where: 

(4.25) 

Again, by performing the partial derivative, the sample standard deviation of the slope can 

be computed: 

2 J 
{ y j - m X j Y  

\'^jj J 

r 2\2 Y. 
ZH 

V i O"/ y 

(4.26) 

The total error in the radiance value for a Lambert surface is then the combination 

of these two error sources: 

total 
(4.27) 

The value Ofgtai represents the best possible uncertainty for any spectrophotometric cali

bration of scene materials. 
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4.6 Scene Measurement 
In order to correct surface images to radiance coefficient, the upward radiance due 

to diffiise atmospheric illumination must be removed from the total measured radiance to 

leave only the contribution due to direct solar illumination. One technique, used for Viking 

Lander image calibration, involved simply subtracting the DN values of nearby shaded 

regions from sunlit rock facets and soil patches as an estimate of the contribution of atmo

spheric illumination (cf. Guiness, 1981). Since IMP RTs are equipped with shadow posts, 

the radiance due to atmospheric illumination can be direcdy measured as discussed in Sec

tion 4.4, eliminating the need to used nearby shadows. 

The procedure described in Section 4.4 gives a measure of the balance between 

direct and diffuse illmnination sources. Since we know the fraction of direct irradiance vs. 

total irradiance, and using the assumption that the surface in the scene image is Lamber-

tian. the relation describing the radiance that the scene would have if directly illuminated 

only is: 

c = c (4.28) 
^s.c T J. /• ^s.r ^ ' 

^dir ^ ^dif 

where is the raw, uncorrected scene radiance, is the corrected scene radiance, is 

the downward direct irradiance, and /^,yis ±e downward diffuse irradiance. It is important 

to note that this procedure is only applicable to the sunlit portions of the scene, and that 

shaded regions will not be properly corrected. 

Once a value for the corrected scene radiance is found, simply dividing that value 

by the calibration factor found in Section 4.5 will give the radiance coeflRcient values in 
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each pixel of the scene image. Mathematically, this is given as: 

having error: 

r = f££ (4.29) 
m 

= ^ (4.30) 
m 

4.7 Application of Procedure 
In order to demonstrate this procedure and its usage on Mars, two examples are 

given. First, a dataset acquired in January 1997 at UA has been reduced following the pro

cedure above to produce radiance coefficient values for several samples. Second, several 

Mars surface model have been computed using model parameters for die VLI landing 

sites as derived by Arvidson, et al. (1989) and geometrical parameters relevant to IMP. 

4.7.1 IMP PM Data Reduction 
A dataset was acquired in January 1997 at UA using the Prototype Model (PM) 

IMP of a flight spare RT and CTs, along with a variety of soil and rock samples indicative 

of martian surface mineralogy. Data were taken in 7 filters (RO, R5, R6, R8, R9, RIO. Rl I) 

at three SZAs (i=53°, 70°, 81 •). This dataset was taken to explicitly test the behavior of the 

shadow post, by taking images of the target and scene illuminated by both solar and atmo

spheric illumination, then by atmospheric illumination alone, facilitated by blocking the 

sun from falling on the entire scene. Since the target and scene image were the same, the 

requirement in Section 4.2 that a target image be available at comparable illumination and 

viewing geometry was automatically satisfied. Reduction of one image will be discussed 

in detail, using filter RO (440nm) at i=53°, e=33', <j>=180% shown in Figure 4.5. 



4.5) CVIP images used for calibration example using filter RO (440nm) at i=S3°, e«33°, 
f=175°. 
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Data were radiometrically calibrated according to the procedure listed in Section 

4.4, with the significant exception that the electronic shutter correction was performed 

automatically by the flight software. Dark subtraction was faciUtated by scaling darks 

taken at the begiiming and end of each data run to the exposure time of any image and sub

tracting them from the image. Flat field data taken for the PM camera shortly after this 

dataset was acquired was used for flat field correction. An additional 16DN hardware off

set introduced by the flight software during automatic shutter correction was also removed 

from these images. 

Shaded and sunlit portions of the targets were measured and corrected for the 

effect of shadow post sky occultation. Light scattered from the shadow post was not taken 

into account for this experiment but was minimized by using sunlit regions close to the 

shadow. Average raw and corrected values for target radiance measurements are listed in 

Table 4.2. Corrected shaded values were subtracted from corrected sunlit values to deter

mine the component of upward radiance due only to direct illumination. Error estimates 

and these corrected values are also listed in Table 4.2. 

Radiance coeflBcient values for the targets were found by using (2.28) and the 

model parameters given in Table 3.13. The resulting radiance coefficient values are listed 

in Table 4.3, along with the original UA radiance coefficient values for comparison. By fit

ting a linear fimction to the measured radiance and computed radiance coefficient values, 

with the constraint that the fit must got through the origin (4.16), a value for radiance (in 

DN/s) at radiance coefficient 1 was found (37230 DN/s/r^ +/- 4.3%), along with error, by 

following the procedure in Section 4.5. There is significant uncertainty in this fit (Figure 
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Table 4.2) Raw and Corrected Experimental Target Measured Values for Filter RO 
(440nm) 

Illumination Ring 
Pixels 
Used 

Average 
Radiance 
(DN/s) 

Average 
Radial 
Boost 

(DN/s) 

Total 
(DN/s) 

Error 

Sunlit W 80 40404 849 41253 1.5% 

Sunlit G 142 25916 285 26201 1.7% 

Sunlit B 230 5528 34 5562 3.6% 

Shaded W 23 7074 849 7923 3.8% 

Shaded G 15 4749 285 5034 1.2% 

Shaded B 20 851 34 885 4.8% 

Direct W — — — 33330 2.4% 

Direct G — — — 21167 2.1% 

Direct B — — — 4677 4.4% 

Table 4J) Estimated Target Radiance Coefficient Values at 1-53°, e=33% (j>=180°, 
A.=440nm. 

Ring 
UA Measurements 

at i=0°, e=30' 
Estimated 

Values 

B 0.043 0.0865 

G 0.53 0.595 

W 0.93 0.900 
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4.6), greater than desired. This uncertainty is partially due to the offset problem 

mentioned above, and partially that the model parameters describing the RTs have not yet 

been adequately constrained sue to the lack of DLR goniometer data. Both these issues are 

being resolved. 

Before applying this calibration to the scene image, the component of radiance due 

to atmospheric illumination must be removed. For this simple calibration, the scene is 

assumed to be Lambertian and flat, such that simply multiplying by the ratio of direct to 

total radiance determined from the measurement of the target is sufficient to convert the 

raw image DN to have the value if only illuminated by direct sunlight. As mentioned 

rc .•-rrCi?r':or. -ilt-r'' --iCrr-. 
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4.6) Corrected radiance values fit to RT radiance coefficient values computed using 
model parameters given in Table 3.11. Note that fit is significantly less accurate than 
desired, an indication of the preliminary nature of the computed RT radiance coefficients 
as well as problems with the flight software automatic shutter correction. 
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above, this is an approximation, but is necessary in order to calibrate images in their 

entirety, with no a priori knowledge of the scene environment. Once this correction is per

formed, simply dividing the corrected scene DN/s by the calibration factor determined 

above will give the first-order radiance coeflScient values for the scene materials. 

By applying this procedure to the dataset acquired in January 1997, radiance coef

ficients of the materials imaged can be determined. Radiance coefficients for three rocks 

were extracted and are plotted in Figure 4.7 as reflectance spectra. Even with the unchar

acteristically large errors associated with this dataset, the differences in rock spectra are 

very discernible. The red spectral slope associated with ferric oxides is particularly evi

dent in the oxidized basalt spectrum, and to a lesser extent, the flat basalt spectrum. Addi-

I 5c5cJt - -C*"Cijei3 So9Qtt -
WcrWe - - -

#Cv<«<?r<5tn ;n 

4.7) Reflectance spectra of three rocks from January 1997 dataset. Note that even with 
uncharacteristically large errors present in this dataset, spectral features are easily distin
guished. 



103 

The importance of atmospheric radiance removal can be seen in Figure 4.8a. Here 

the flat basalt spectrum is plotted with and without atmospheric radiance removal. The 

upturn in the blue wavelengths is caused by the effect of radiance from the blue terrestrial 

sky. This effect can be better seen by ratioing the spectra (Figure 4.8b), where the increase 

in sky radiance in blue wavelengths is very pronounced. This effect can also be seen by 

observing the ratio of shaded to sunlit target radiance as shown in Figure 4.9. 

4.7.2 Predicted Mars Behavior 
Since the Mars Pathfinder landing site is in the same general region of Mars as the 

VLI landing site, it is reasonable to expect that the surface encountered will have much in 

common with that of the earlier mission. Photometric model parameters have been com

puted for VL 1 soils by Arvidson et al. (1989) for the red, green, and blue spectral channels 

of the VL 1 camera systems. These parameters are listed in Table 4.4. By using the geo

metrical parameters expected for IMP during the early landed phase of the mission, these 

panuneters can be converted into maps of radiance coefficient values for any given inci

dence angle as a function of distance from the IMP. Examples of this behavior are shown 

in Figures 4.10 and 4.11 for the IMP in the deployed position. 

Maps such as these will be very useful for comparison during the landed mission. 

They provide a reference for comparison to actual measured radiance coefficient values at 

the MP landing site, and provide a baseline for future photometric modeling of the surface 

soil model parameters. Two panoramas taken early in the mission will be relevant for this 

comparison. The first is the stowed panorama, which will cover the siuface at the larger 

emission angle provided by the camera being in the stowed position, and the deployed 
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4.8) a) Comparison of radiance coefBcients determined for flat basalt with and with
out atmospheric radiance removed, b) Ratio of uncorrected to corrected radiance 
coefficient shows the increasing effect of the blue terrestrial sky on the determination 
of radiance coefficient. 



4.9) Radiance due to atmospheric illumination as a fraction of total irradiance, calcu
lated by ratioing shaded and sunlit regions of the RT. Compare wi± Figure 4.8. 

Table 4.4) Estimated Hapke model parameters for VLl landing site after Arvidson, 
et al. (1989) 

Channel w 0 h 5(0) 4 
9 

x~ 

Blue 0.325 6.4 0.125 0.397 -0.0657 11.55 

Green 0.480 5.3 0.136 0.629 -0.0888 13.75 

Red 0.799 5.4 0.173 1.09 -0.101 9.07 
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Rad. Coeff., Red, Arvidson et al. parameters, i=0. Deployed 

X distance tmewrs) 
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4.10) Predicted radiance coefficient values for MP landing site based on VLl soil 
model parameters of Arvidson, et al. (1989) for IMP deployed and SZA=0°. 



Rao. Coeff., Red, Arvidson et al. parameters, i=60, DeDloved 

X distance (meters) 

4.11) Predicted radiance coefficient values for MP landing site based on VLl soil 
model parameters of Arvidson, et al. (1989) for IMP deployed and SZA-60°. 
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tion of the left eye filter set will increase coverage of the spectral features associated with 

ferrous silicates from 800 to lOOOnm. 

"monster" pan, encompassing the entire landing site in four quadrants. Radiance 

coefficient values for the soils in these images will be readily computable and comparable 

to the predicted maps based on Arvidson data. 
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5. Discussion 

5.1 Future Work 
In this document, a procedure suitable for fast, reasonably accurate spectrophoto-

metric calibration of IMP datasets has been developed. In addition, the underlying theory 

of bidirectional reflectance has been introduced, and the scattering properties of the RTs 

have been discussed in detail. However, there remains room for significant improvement 

in the calibration technique and in the understanding of the targets that will benefit long-

term study of the returned data. 

The theory describing the RTs must be improved to more accurately represent the 

targets' physical properties. The theory of bidirectional reflectance introduced has been 

derived primarily to describe geologic surfaces. The most significant factor causing dis

agreement with this theory for the RTs arises fi'om the presence of the reflecting binding 

medium. While the effect of refraction inside the mediirai has been considered, this modi

fication to the theory has not been sufficient to permit modeling of the target behavior to a 

high degree of accuracy. Also, the specular reflection term used here was originally devel

oped to explain scattering on playa surfaces. A better method might use models for specu

lar reflection off of ocean waves. 

The measurements of the RT reflectance behavior have been extremely beneficial 

to the understanding of the targets. Both UA and DLR measurements, while generally in 

agreement, show some discrepancies that are diflBcult to resolve. Further tests should indi

cate if these discrepancies are due to properties of the targets or are instrumental in nature. 

Also, further DLR data expanding the range of incidence and azimuth angles outside the 
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principal plane vsall permit more robust modeling of the target scattering properties. Until 

such data is available, all model parameter estimates must be considered preliminary. 

The parameter space search engine must be modified to become more eflBcient. 

The current search program is not well-optimized and can take hours to return a single set 

of best-fit model parameters. This needs to be significantly reduced to facilitate computa

tion of model parameters at all wavelengths for a target quickly, and permit ease of modi

fication as new data become available. As new DLR data becomes available, model 

parameter fits will need to be generated and updated quickly. 

The procedure describing spectrophotometric calibration is suitable for the fast 

calibration and quick turnaround time necessary for the early landed part of the mission. 

Further long-term study, however, requires a more robust and detailed procedure. There 

are a number of places where an enhancement to the procedure would be very useful. 

For measurement of the RTs, the most important addition to the procedure is 

removal of light scattered onto the target by any non-solar or non-atmospheric source, 

most notably the spacecraft and the shadow post. Once the orientation of the spacecraft is 

known and many target images exist at various illumination geometries, the extra contri

bution from scattered light can be quantified and removed. Another important factor is the 

tilt of the lander. The calibration procedure assumes that there is no significant spacecraft 

tilt, but the actual spacecraft tilt could be as high as 15° or more. In any event, any tilt will 

have an effect on the computation of effective radiance coeflScient relative to a hypotheti

cal Lambert surface. Removal of the spacecraft tilt is a relatively simple geometric trans

formation that modifies the contribution to target radiance from the changing sky fi^ction 
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observed, as well as scattering up from the surface. 

For the calibration of scene images, the procedure assumes that all surfaces are flat 

and normal to the local gravity vector. This gross approximation is suitable for first order 

calibration, when images must be calibrated whole, but a more sophisticated approach is 

necessary to analyze each patch of dust or soil or rock facet on a case-by-case basis. With 

the assumption that the landing site will resemble the VLl site, the scene will likely con

tain rocks, soil, and drifts, all with a variety of facet or slope angles. Therefore, the most 

important correction to the scene images is to account for the geometry of the various rock 

facets and surface slopes. Not only will these facets have different local incidence and 

emission angles for the direct solar component of irradiation, but the contribution of dif

fuse. scattered illumination fi-om the sky, surface, and even spacecraft will differ. These 

effects can be modeled and removed by a combination of trigonometry and knowledge of 

the atmospheric illumination intensity distribution and the properties of surface scattering 

onto the tilted facets. These corrections are necessarily scene and illumination dependent, 

and will require significant effort to fully implement. As such, they are left for future 

work. 

5.2 Conclusions 
Despite a significant number of improvements to make in future work, the proce

dure developed here will provide valuable resource for fast geologic interpretation of the 

Mars Pathfinder landing site. 

The calibration targets have been characterized to a high degree of accuracy at UA, 

having ~l-l.5% error in the white and gray rings, and ~4% error in the black ring. DLR 
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measurements have comparable accuracy, and extend the range of illumination and view

ing geometries observed. Discrepancies exist between the two datasets, indicating the 

potential for systematic error of the order +/- 0.01 in radiance coefficient in the UA mea

surements. 

Including the error in target properties, as well as the error inherent in measuring 

radiances via IMP, the limiting calibration error will be -3%. While not as good as the 

desired 1% absolute spectrophotometric calibration error, this represents a threefold 

increase in accuracy over previous measurements of the martian surface by the Viking 

landers. 

This document represents the framework upon which all IMP geology images will 

be spectrophotometrically calibrated. It will provide the science team with the conceptual 

and mathematical tools necessary for understanding the calibration procedures, as well as 

the sources of error inherent in the datasets. Ultimately, it will provide the framework for 

future, long-term smdy of the Mars Pathfinder landing site via spectrophotometrically cal

ibrated IMP datasets. 



Appendix A 

Table A.1) Flight Spare Black RT radiance coefficient values at i=0% e=s30°, g='30% 
IMP Biter bandpass centers at T^Ambient (~25°C). 

Filter 
Wavelength 

(nm) 
Target A 

Reflectance 
Target A 

Mean Error 
Target B 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.04595 0.00160 0.04481 0.00147 

LOS 672.781 0.04398 0.00128 0.04337 0.00119 

L06 802.769 0.04535 0.00138 0.04526 0.00131 

L07 858.818 0.04579 0.00161 0.04584 0.00131 

LOS 898.201 0.04609 0.00160 0.04607 0.00133 

L09 931.994 0.04619 0.00167 0.04620 0.00136 

L I O  1002.800 0.04678 0.00174 0.04688 0.00145 

L l l  967.783 0.04662 0.00175 0.04654 0.00139 

ROO 442.806 0.04596 0.00161 0.04481 0.00147 

R05 672.593 0.04397 0.00128 0.04337 0.00119 

R06 753.000 0.04498 0.00133 0.04478 0.00127 

R08 600.908 0.04408 0.00118 0.04318 0.00122 

R09 532.482 0.04454 0.00126 0.04355 0.00123 

R I O  481.880 0.04518 0.00138 0.04410 0.00139 

R l l  973.930 0.04662* 0.00175* 0.04654* 0.00139* 

* bandpass for LI I used due to lack of calibration data at this temperature. 



Table A.2) Flight Spare Gray RT radiance coefficient values at i=0°, e=30% g=30% 
DVff filter bandpass centers at T-Ambient (~25''C). 

Filter 
Wavelength 

(nm) 
Target A 

Reflectance 
Target A 

Mean Error 
Target B 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.51828 0.00435 0.52518 0.00383 

LOS 672.781 0.39068 0.00512 0.39743 0.00370 

L06 802.769 0.33151 0.00457 0.33728 0.00331 

L07 858.818 0.31030 0.00404 0.31552 0.00267 

L08 898.201 0.29639 0.00403 0.30155 0.00253 

L09 931.994 0.28799 0.00418 0.29345 0.00267 

L I O  1002.800 0.26427 0.00496 0.27012 0.00316 

L I l  967.783 0.27290 0.00464 0.27867 0.00302 

ROO 442.806 0.51844 0.00435 0.52533 0.00383 

R05 672.593 0.39077 0.00512 0.39752 0.00370 

R06 753.000 0.35253 0.00464 0.35774 0.00326 

R08 600.908 0.43027 0.00546 0.43733 0.00423 

R09 532.482 0.47016 0.00495 0.47696 0.00397 

R I O  481.880 0.49830 0.00472 0.50531 0.00377 

R l l  973.930 0.27290* 0.00464* 0.27867* 0.00302* 

* bandpass for L11 used due to lack of calibration data at this temperature. 



Table A J) Flight Spare White RT radiance coefficient values at i^% e=30% g=30% 
IMP filter bandpass centers at T^^Ambient 

Filter 
Wavelength 

(nm) 
Target A 

Reflectance 
Target A 

Mean Error 
Target B 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.89453 0.00874 0.88697 0.00365 

LOS 672.781 0.95665 0.00446 0.94688 0.00525 

L06 802.769 0.95659 0.00405 0.94408 0.00634 

L07 858.818 0.95368 0.00511 0.94188 0.00568 

LOS 898.201 0.94881 0.00516 0.93806 0.00544 

L09 931.994 0.94865 0.00478 0.93740 0.00569 

L I O  1002.800 0.95490 0.00802 0.93773 0.00696 

L l l  967.783 0.95491 0.01050 0.94254 0.00705 

ROO 442.806 0.89416 0.00872 0.88655 0.00365 

R05 672.593 0.95663 0.00446 0.94689 0.00525 

R06 753.000 0.95670 0.00442 0.94584 0.00578 

R08 600.908 0.95254 0.00445 0.94295 0.00502 

R09 532.482 0.94103 0.00690 0.93537 0.00419 

R I O  481.880 0.92369 0.00822 0.91868 0.00394 

R l l  973.930 0.95491* 0.01050' 0.94254* 0.00705* 

* bandpass for LI 1 used due to lack of calibration data at this temperature. 
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3.6) Flight Spare Black RT radiance coefficient values at i=0% e«30% g=30°, measured 
at UA. Error bars are located at IMP geology filter bandpass centers at ambient tempera
ture. Note that A is the upper target and B is the lower target. 
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3.7) Flight Spare Gray RT radiance coefficient values at i=0°, e=30°, g=°30°, measured 
at UA. Error bars are located at IMP geology filter bandpass centers at ambient tempera
ture. Note that A is the upper target and B is the lower target. 
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3.8) Flight Spare White RT radiance coefficient values at i=0°, e=30°, g=30% mea
sured at UA. Error bars are located at IMP geology filter bandpass centers at ambient tem
perature. Note that A is the upper target and B is the lower target. 
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Table A.4) Backup Black RT radiance coefficient values at i=0% e=30% g=30% at IMP 
filter bandpass centers at T^Ambient ("ISX). 

Filter 
Wavelength 

(mn) 
Target A 

Reflectance 
Target A 

Mean Error 
Target B 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.04511 0.00185 0.04532 0.00150 

LOS 672.781 0.04383 0.00137 0.04319 0.00104 

L06 802.769 0.04530 0.00145 0.04413 0.00140 

L07 858.818 0.04570 0.00155 0.04435 0.00157 

L08 898.201 0.04590 0.00160 0.04434 0.00170 

L09 931.994 0.04603 0.00165 0.04439 0.00188 

L I O  1002.800 0.04676 0.00180 0.04483 0.00234 

L l l  967.783 0.04632 0.00179 0.04457 0.00206 

ROO 442.806 0.04512 0.00184 0.04533 0.00150 

R05 672.593 0.04383 0.00137 0.04319 0.00104 

R06 753.000 0.04489 0.00144 0.04394 0.00124 

R08 600.908 0.04373 0.00138 0.04342 0.00101 

R09 532.482 0.04402 0.00152 0.04393 0.00114 

R I O  481.880 0.04445 0.00164 0.04457 0.00131 

R I I  973.930 0.04632* 0.00179* 0.04457* 0.00206* 

* bandpass for LI 1 used due to lack of calibraticn data at this temperature. 



Table A.S) Backup Gray RT radiance coefficient values at 1=0% e«:30% g=30% at 
filter bandpass centers at T-Amblent (-^IS'C). 

Filter 
Wavelength 

(nm) 
Target A 

Reflectance 
Target A 

Mean Error 
Target B 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.51137 0.00213 0.50600 0.00652 

LOS 672.781 0.37940 0.00133 0.37677 0.00473 

L06 802.769 0.32156 0.00140 0.32021 0.00375 

L07 858.818 0.30190 0.00172 0.30026 0.00335 

L08 898.201 0.28852 0.00183 0.28713 0.00333 

L09 931.994 0.28021 0.00181 0.27953 0.00327 

L I O  1002.800 0.25589 0.00189 0.25755 0.00307 

L I l  967.783 0.26634 0.00291 0.26617 0.00417 

ROO 442.806 0.51154 0.00213 0.50616 0.00652 

R05 672.593 0.37948 0.00133 0.37685 0.00473 

R06 753.000 0.34186 0.00141 0.33981 0.00404 

R08 600.908 0.41897 0.00130 0.41658 0.00525 

R09 532.482 0.45994 0.00167 0.45652 0.00596 

R I O  481.880 0.48970 0.00194 0.48498 0.00627 

R l l  973.930 0.26634' 0.00291* 0.26617* 0.00417* 

* bandpass for L11 used due to lack of calibration data at this temperature. 
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Table A.6) Backup White RT radiance coefficient values at {=^0% e=30°, g=30% at [MP 
filter bandpass centers at T^Amblent (~25''C). 

Filter 
Wavelength 

(nm) 
Target A 

Reflectance 
Target A 

Mean Error 
Targets 

Reflectance 
Target B 

Mean Error 

LOO 443.056 0.79197 0.01533 0.77594 0.00390 

LOS 672.781 0.94555 0.00403 0.92977 0.00308 

L06 802.769 0.95660 0.00474 0.93769 0.00405 

L07 858.818 0.95744 0.00575 0.93561 0.00286 

LOS 898.201 0.95329 0.00576 0.93247 0.00269 

L09 931.994 0.95102 0.00417 0.93174 0.00317 

L I O  1002.800 0.95084 0.01569 0.93632 0.00626 

L l l  967.783 0.95863 0.02475 0.93805 0.00662 

ROO 442.806 0.79144 0.01528 0.77542 0.00391 

R05 672.593 0.94553 0.00403 0.92973 0.00308 

R06 753.000 0.95490 0.00503 0.93703 0.00357 

R08 600.908 0.92436 0.00500 0.91163 0.00360 

R09 532.482 0.88851 0.01245 0.87405 0.00307 

R I O  481.880 0.84284 0.01507 0.82738 0.00337 

R l l  973.930 0.95863* 0.02475* 0.93805* 0.00662* 

* bandpass for L11 used due to lack of calibration data at this temperature. 
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3.6) Backup Black RT radiance coefficient values at i«0°, e»30°, g=30% measured at 
UA. Error bars are located at IMP geology filter bandpass centers at ambient temperature. 
Note that A is the upper target and B is the lower target. 
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3.7) Backup Gray RT radiance coefBcient values at i=0°, e=30°, measured at 
UA. Error bars are located at IMP geology filter bandpass centers at ambient temperature. 
Note that A is the upper target and B is the lower target. 
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3.8) Backup White RT radiance coefficient values at i=0°, 6=^30°, g=30°, measured at 
UA. Error bars are located at IMP geology filter bandpass centers at ambient temperature. 
Note that A is the upper target and B is the lower target. 
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