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ABSTRACT 

Recent efforts in Eartii remote sensing have focused on accurately measuring top-

of-atmosphere and surface leaving radiances. One factor that must be accounted for in 

the radiometric calibration of an Earth remote sensing satellite is the polarization of the 

radiance. This dissertation provides a comprehensive analysis of how polarization has an 

impact on the radiometric calibration of visible through long wave infrared Earth remote 

sensing satellites (0.4 through ~15 ^m). 

The first part of this dissertation concentrates on reviewing the current status of 

calibration and of polarization measurements in Earth remote sensing. It provides a 

comprehensive review of polarization in Earth scenes, calibration targets, and the 

sensitivity of instnmients. 

The second part examines how polarization affects calibration during the 

application of the calibration coefficients. One must account for the differences in 

polarization between the calibration target, used to determine the calibration coefficients, 

and the scene itself. This dissertation derives the impact of polarization on the 

radiometric calibration coefficients using both the Stokes vector and the Jones vector 

formalisms and accounts for the instrument polarization sensitivity, calibration target 

polarization, and scene polarization through normalization. Using these derived results, 

the impacts of polarization on radiometric uncertainty are calculated for the family of 

theoretical cases and for cases based on literature data. 

The third part of this dissertation examines how the polarization response of an 

instrument can affect the calibration by creating a variation in the response vs. scan angle 
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(RVS). It derives the mathematical relationship between the polarization response of an 

instrument and its response vs. scan angle. It examines the correlation between the two 

using MODIS pre-launch system level polarization and RVS measurement data and 

derives the sensitivity of the RVS to aft optics polarization. This establishes when scan 

mirror data is sufficient to characterize RVS and when a system level measurement is 

required. This dissertation then examines ways to determine the instrument's 

polarization response and response vs. scan angle post-launch. 

Finally, this dissertation identifies sensitivity thresholds in both cases and 

summarizes when polarization should be accounted for in radiometric calibration. 

Potential areas for future advancement of the field are discussed. 
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INTRODUCTION 

CH.^TER 1 

The study of the Earth from space started immediately after Sputnik first coursed 

through the skies. Early efforts such as Corona (Wheelon 1997) captured images using 

high resolution film which was returned to Earth after several orbits. Digital imagers 

such as TIROS-1, launched in I960 (Simonett 1983), began collecting data and 

transmitting it directly to receiving stations on the ground. Over the years, these 

instruments have evolved in sophistication and capability, with greater spatial resolution 

(up to 1 m in the case of Earthwatch's Quickbird satellites (Montague et al. 1997)), 

greater spectral resolution (in hyperspectral instruments like PRISM (Posselt et al. 

1997)), better signal to noise ratios (>1000 on MODIS (Barnes et al. 1998)), higher 

quantization (12-13 bits on Earth Observing System instruments (Barnes et al. 1998, 

Bruegge et al. 1996), as compared to 6 bits on early instruments such as Landsat-MSS 

(Thome et al. 1997)), and more accurate calibrations (Butler and Barnes 1998). In 

addition, many remote sensing instruments have been designed with more specialized 

missions—such as the detection of ozone (Graf 2000). nitric oxide (Solomon et al. 1996). 

and surface winds (Wu et al. 1994). 

The first Earth remote sensing satellites concentrated on collecting imagery, 

largely for military purposes. The first satellite designed specifically to collect data on 

the Earth's surface for purely scientific purposes was the Earth Resources Technology 

Satellite (ERTS-1), later named Landsat-1 (Simonett 1983). As more spectral bands 



12 

were added to the instruments, the scientific community began developing metrics such 

as the Normalized Difference Vegetation Index (NDVI) (Myneni et al. 1995) and the 

Normalized Difference Snow Index (NDSI) (Hall et al. 1995) that related the signals in 

these bands to environmental parameters on the ground. With the mcreased use for 

weather forecasting (Friday 1996) and surface change monitoring such as the Sea Surface 

Temperature (Anding and Kauth 1970), it became valuable to tie the satellite 

measurements to physical quantities such as brightness temperature, reflectance, or 

radiance rather than relative indices. In the past decade, the science community has 

expanded the role of Earth remote sensing to include the study of climate change. Given 

the corresponding need to collect data over time periods longer than the life of individual 

instruments, it became necessary to tie the physical quantities to recognized standards. 

Thus, radiometric calibration of Earth remote sensing satellites has now come to the fore 

of problems that must be addressed. 

To do so, extensive effort has been devoted to radiometric calibration through the 

use of on-board calibrators, pre-launch characterization, and vicarious calibration field 

campaigns. All calibration methods will have uncertainties due to three elements— 

knowledge of the calibration target, the ability to measure the scene, and differences 

between the calibration target and the scene one is measuring. If the scene under 

measurement has a different characteristic than the calibration target, and the instrument 

is sensitive to that characteristic, an error is introduced into the calibration. The 

characteristic of interest and the radiometric calibration may interact in a way that must 

be accounted for in reporting the calibrated instrument output. 
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One such example is polarization. Most light, whether from a calibration target or 

the scene, is polarized to some extent. As Richard FeyTunan notes, "light is unpolarized 

only if we are unable to find out whether the light is polarized or not" (Feynman 1963). 

Most optical satellites have elements such as tilted mirrors, beamsplitters, gratings, or 

thin film coatings that are sensitive to polarization. Thus, the interaction between the 

polarization of the scene, the polarization of the calibration target, and the polarization 

sensitivity of the instrument will affect the instrument's radiometric calibration. 

This dissertation provides a comprehensive analysis of how polarization has an 

impact on the radiometric calibration of visible through long wave infrared (0.4 |im 

through ~15 jim) Earth remote sensing satellites. The remainder of this chapter provides 

background on the role of calibration in Earth remote sensing, the use of polarization in 

Earth remote sensing and efforts to quantify it. and a review of previous work on the 

interactions between radiometric calibration and polarization. Chapter two reviews the 

polarization cases and mechanisms of interest to calibration. Specifically, it reviews the 

polarization of Earth scenes, calibration targets, and the polarization sensitivity of 

instruments. Chapter three presents the mathematics of how polarization directly affects 

the application of calibration coefficients and models the uncertainties introduced. 

Chapter four discusses a major method that polarization affects radiometric calibration 

indirectly, which is the introduction of a variation in response as a function of scan angle 

for scanning instruments. It also presents the mathematics of how polarization, response 

vs. scan angle (RVS), and calibration interact and models the results. Both chapters three 

and four discuss the thresholds at which the interaction between polarization and 
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radiometric calibration would be of interest to future instrument designers or instrument 

users. Finally, chapter five concludes this dissertation by summarizing the work 

presented and indicating areas of possible interest to future researchers. 

1.1 Earth Remote Sensing and Calibration 

As previously noted, one of the goals of many current Earth remote sensing 

missions is to accurately and quantitatively measure top-of-atmosphere and surface-

leaving radiances. Table l.l-l lists some current operational and planned missions with 

their calibration objectives. This is by no means a comprehensive list, but provides a 

flavor of some of the breadth of the work being done. 

For the purposes of this dissertation, calibration shall be defined using the Earth 

Observing System Calibration Advisory Panel (EOSCAP) defmition, which is "nhe set of 

operations which establish, under specified conditions, the relationship between values 

indicated by a measuring instrument and the corresponding known values of a standard" 

(Bruegge et al. 1991). While other programs, such as NPOESS, may use different 

definitions than the EOSCAP of some terms such as accuracy and uncertainty (NPOESS 

1999), the term calibration itself is defined sufficiently consistently throughout the field 

to be used here. 

To meet the calibration objectives given in Table l-l, the calibration process has 

two steps. The first step is to define the instrument's calibration coefficients by 

measuring the instrument's response while looking at calibrated sources or targets. Theru 

in the second step, these calibration coefficients are applied to the signal measured from 
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the unknown scene to calculate the desired radiance. During this second step, corrections 

are also included for differences between the system response when viewing the 

calibration target (and calculating the calibration coefficients) and when viewing the 

Earth scene (and applying the calibration coefficients). 

To determine the calibration coefficients, three major approaches have been used 

in Earth remote sensing. The first of these is to conduct extensive pre-launch 

characterization and calibration. This includes characterizations such as relative spectral 

response, polarization sensitivity, spatial response, non-linearity, and other sensitivities 

that either carmot be measured at all post-launch or carmot be measured easily and 

accurately once the satellite is on orbit. Pre-launch characterization also frequently 

includes measuring the instrument response to a known target such as an integrating 

sphere with calibration lamps (Sakuma et al. 1996). a panel of known reflectance (Park et 

al. 1996). the sun (Biggar et al. 1993), or a blackbody (Mead et al. 1998). The 

advantages of this approach are that the calibration sources can be extensively 

characterized both before and after use in order to reduce any uncertainties about their 

emitted radiance. The disadvantage is that one does not truly know how this calibration 

survives the transfer to orbit and the orbital environment. As the instrument gets shaken 

during launch, gets coated in contaminants during its early orbit, and undergoes 

temperature changes that may have been different from those modeled on the ground, its 

response may change in ways that invalidate the pre-launch calibration. 
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Table 1-1 
Selected Current Earth Remote Sensing Instruments and their Calibration Requirements 

Mission Scientific 
Objective 

Spectral 
Region 

Calibration 
Objectives 

Notes 

AIRS Cloud 
Temperature 

Profiles 

3.4-15.4 |im 3% (Aumann et al. 
1991) 

ASTER High 
Resolution 

Imaging 

0.56-11.30 
|im 

4% VNIR and SWIR 
1-3K Brightness 

Temperature 

(Thome et al. 1998) 
Brightness 
temperature 
requirement depends 
on scene temperature 

ATSR Sea Surface 
Temperature 

1.6.3.7, 
10.8. 12 (im 

<0.3K Brightness 
Temperature 

(Delderfield et al. 
1985) 

CERES Earth 
Radiation 
Budget 

0.3-5.0 |im 
0.3-100 |i,m 

8-12 ^m 

1% 
0.5% 

0.3 W/mVsr 

(Lee et al. 1996) 
Requirements are for 
in-band radiance, not 
spectral radiance 

GOES 
Imager 

Weather 0.5-12.5 [im 1K Brightness 
Temperature 

(Hursen and Ross 
1996) 
No on-orbit cal. of 
visible band 

Landsat-
TM 

Land Surface 
Cover 

0.44-12.4 
|im 

5% for bands below 3 
|am 

(Thome et al. 1997) 
Landsat-5 
measurement results 

MISR Angular 
Reflectance 

0.44-0.87 

Hm 
3% high reflectance 

scenes 
6% low reflectance 

scenes 

(Bruegge et al. 1996) 

MODIS Climate 
Change 

0.4-14.3 |im 5% radiance < 3 |im 
2% reflectance <3 

(im 
1% radiance > 3^m 

(Guenther et al. 
1996) 

SeaWiFS Ocean Color 0.4-2.13 ^m 3% (Barnes et al. 1993) 

VIIRS Imagery, 
SST, many 

others 

0.4-14 |i,m 5% radiance < 3 ^m 
2% reflectance <3 

^m 
1% radiance > 3|im 

(NPOESS 1999) 
Requirements under 
development; these 
reflect government 
objectives 

VIRS Rainfall 0.63-12 ^m 10% < 3 fim 
5% > 3 |im 

(Barnes et ah 1997) 
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The second approach attempts to bridge this transfer to orbit by using on-board 

calibrators within the instrument itself. These can include bulb systems (Montgomery et 

al. 1999), solar difflisers (Walker et al. 1998), and blackbodies (Mason et al. 1996). The 

advantages of these systems are their ability to make post-launch measurements that can 

be compared to pre-launch measurements. They can also make measurements quite 

frequently, from every few seconds to every month or more for the entire life of the 

mission, depending on the design of the given on-board calibrator. Their major 

disadvantage is that they too are undergoing degradation and changes in the space 

environment. While recent instruments have begim to include calibration target monitors 

(Barnes et al. 1998, Bruegge et al. 1996, Olij et al. 1997), there is still no guarantee that 

the monitors themselves have remained stable, or that they are monitoring all 

characteristics that could change. For example, while the MODIS Solar Diffiiser 

Stability Monitor (Barnes et al. 1998) will measure changes in reflectance, it does so at a 

different viewing angle than used by the MODIS instrument. As such, changes in the 

shape of the Bidirectional Reflectance Distribution Function (BRDF) curve of the solar 

difiliser will go undetected. 

The third major approach to calibrating Earth remote sensing satellites is to use 

vicarious methods. These use independent measurements of ground targets on the Earth 

(Slater et al. 1996, Watts et al. 1998, Carlier et al. 1998) or moon (KiefFer and Wildey 

1996). The advantages of this approach are that the calibration instruments may be well 

characterized both pre- and pcst-measiu-ement. Vicarious methods can be done at any 
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time during the life of the satellite and are not subject to the degradation that on-board 

calibration techniques face. They also represent how the satellite actually operates. The 

disadvantages are that vicarious methods are done more infrequently (for even 

instrumented sites may not be seen every orbit), they can be limited by the accuracy of 

their corresponding atmospheric correction, they may be limited by size of source effects 

and other differences in their viewing geometry, and they may not be able to cover the 

full range of operating conditions the satellite encounters (for example, intra-orbit 

variations, or atmospheric effects). Many current calibration plans include elements of 

all three approaches to ensure the best overall calibration. 

Within the past few years, more attention has been paid to the second step in the 

calibration process. Once the calibration coefficients have been determined, one must 

determine any corrections for differences between the system when viewing the 

calibration target and when viewing the Earth scene. The nature of these corrections will 

depend on the phenomena causing the change. Weinreb et al. (Weinreb et al. 1997) have 

examined corrections tor response vs. scan angle and l/f noise in the GOES instruments 

while Guenther et al. (Guenther et al. 1998) have included corrections for instrument 

temperature, A/D converter artifacts, and response vs. scan angle. These have been 

implemented for understood phenomena, either characterized pre-launch or on orbit. For 

changes that are scene dependent, such as scene polarization, where one lacks the 

necessary information to make the correction (i.e., both the scene polarization and scene 

radiance are unknowns), one is limited to bounding or estimating the uncertainties that 



19 

are introduced. I am unaware of any program calculating and applying such estimated 

uncertainties on a regular basis. 

Thus, in the current state of calibration in remote sensing, there is a strong desire 

to reduce calibration uncertainties and account for all possible error sources. Most major 

programs today include a radiometric calibration component. Several approaches to 

generating calibration coefficients have been developed and these continue to improve in 

accuracy. Recent efforts also have begun to focus on the corrections that must be applied 

to account for differences between the system during calibration and the system when 

measuring the unknown Earth scene. 

1.2 Earth Remote Sensing and Polarization 

The use of polarization in remote sensing originally started in the astronomy 

community. There, polarization was examined as a way to leam more about the moon 

(Bowell and Zellner 1974) and planets (Bugaenko et al. 1974). To support these studies, 

laboratory measurements were made of soils and minerals (Egan 1992). Polarization was 

found to be a useful measurement of surfaces because the polarization difference 

increased for low albedo targets and larger particle sizes (Talmage and Curran 1986). 

These laboratory measurements soon led to field measurements and aircraft 

measurements by Egan (Egan 1985) and others. It should be noted that during this time 

frame, the military conducted some work on the polarization of Earth scenes for target 

discrimination (Rogne et al. 1990, Miles et al. 1992), but this work is largely classified 

and will therefore not be discussed in this dissertation. 
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In the early to mid 1980s, several scientists began to point out the potential value 

of polarization techniques in Earth remote sensing (Egan 1970. Slater 1983). Finally in 

1985, polarized images of the Earth were taken from orbit (Coulson et ai. 1986). These 

first experiments used photographs from a pair of cameras that had orthogonal polarizing 

filters in front of thenx Pictures were taken in both color and black and white and 

indicated that Earth scenes could have a degree of polarization typically between 0 and 

0.2. but could be as much as 0.5 or more. Shortly after this exploratory work was done. 

NASA convened a workshop (Whitehead and Coulson 1988) to explore the potential and 

the means of using polarization tor practical application in remote sensing of the Earth's 

surface from orbit. This workshop recommended additional programs on the reflecting 

properties of Earth surfaces combined with additional upgrades to the shuttle cameras. 

At the time, no discussion was made of flying spacecraft specifically designed to measure 

the polarization of the Earth surface. 

However, in August 1996 the Japanese launched ADEOS. carrying the European 

Space Agency's POLDER (POLarization and Directionality of Earth Reflectance) 

instrument (Deschamps et al. 1994). Using a rotating wheel containing polarizers, the 

POLDER instrument took large resolution (6 km x 7 km) images at 443, 670. and 865 

nm. Using a model of Rayleigh scattering over the ocean, relative calibration using 

ocean sunglint. and cross calibration to the Ocean Color and Temperature Scarmer 

(OCTS). Hagoile et al. (Hagolle et al. 1997) estimated a 5% change in calibration 

coefficients from pre-launch measurements and a 3% relative calibration. Prior to its 

untimely demise in June of 1997. some post-launch validation and cloud property 
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measurements were completed (Hagolle et al. 1997, Han et al. 1998). I am unaware of 

any other current satellite remote sensing missions dedicated to measuring polarization. 

1.3 Interaction Between Calibration and Polarization 

While there have been very few efforts to measure the Earth's polarization from 

orbit, recently some scientists have begun paying attention to the effects of ignoring 

polarization when making radiometric measurements. Some noticed the change in 

radiometric measurements when polarizers were included in the radiometers, (Lecompte 

et al. 1973) while others were able to estimate the bias introduced into their radiometric 

results (Gordon 1988) and began efforts to remove it (Gordon et al. 1997). 

In 1988, Gordon (Gordon 1988) derived a requirement for future ocean color 

instruments to have a polarization sensitivity of less than 0.025. Dr. Gordon examined 

the expected top of atmosphere (TOA) radiances and polarizations for CZCS and MODIS 

orbits and a variety of atmospheres. From that, he estimated that the TOA polarizations 

could indeed approach 1.0. He then used a Stokes vector formalism and assumed an 

unpolarized calibration target to calculate the threshold for which polarization would not 

affect ocean color measurements. This work did not relate any residual polarization to 

the radiometric accuracy of the instrument. 

This work was followed in 1989 by Gasster (Gasster 1989) who calculated the 

error in a radiometer due to polarization of the scene. He too used a Stokes vector 

approach, assumed an unpolarized calibration target, assumed a linear system, and also 

did not provide any normalization or way to link this error to other radiometric errors. 
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In 1992, Ahmad and Markham (Ahmad and Markham 1992) completed a similar 

derivation. Like Gordon and Gasster. they used a Stokes vector approach, assumed a 

linear radiometer and an unpolarized calibration target, and did not link their 

uncertainties back to the instrument's total radiometric uncertainty. However, they did 

measure the polarization of an aircraft instrument, the NSOOl Thematic Mapper 

simulator, and estimated the additional uncertainty in radiances measured from that 

instrument (0 to 10%). 

In addition, an indirect way for polarization to affect calibration was noted in 

1995 after the launch of GOES-8 (Weinreb et al. 1997). Specifically, a large response vs. 

scan angle (RVS) variation was observed that was traced to a significant change in the 

polarized reflectance of the SiOx coating of the GOES scan mirror. Later that year, 

Godden, Knight and Guenther (Godden et al. 1995) estimated the likely impact to the 

MODIS instrument from the same mechanism, including the effects of post-launch 

contamination. In 1997, C. W. Palmer (Palmer 1997) documented a similar correction 

for the HIRDLS instrument. 

Thus, there has not yet been a uniform, comprehensive approach to establishing 

the links between polarization and calibration in Earth remote sensing. The efforts to link 

scene polarization effects have not been done in a way that can be incorporated into a 

calibration algorithm or uncertainty budget. The efforts to address RVS errors have not 

looked at the underlying polarization causes. This dissertation will conduct this 

comprehensive examination, provide the mathematical relationships between polarization 



and radiometric calibration, and estimate the sensitivity thresholds when polarization 

must be explicitly considered. 
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POLARIZATION EFFECTS IN EARTH REMOTE SENSING RADIOMETRY 

CHAPTER 2 

For polarization to be of interest in Earth remote sensing radiometry, either the 

radiance from the Earth or calibration targets must be polarized, or the instrument itself 

must have a polarization sensitive response. 

The top of atmosphere radiance from Earth scenes can be polarized as a result of 

several mechanisms. Rayleigh scattering from molecules in the atmosphere can result in 

an observed polarization for some view angles and wavelengths (strongest perpendicular 

to the solar illimiination and in the blue wavelengths (Stephens 1994)). When aerosols are 

present, Mie scattering will also polarize the radiance reaching the top of the atmosphere 

(Stephens 1994), with the exact amount of polarization being dependent on the particle 

size distribution, degree of multiple scattering, and illumination and viewing conditions. 

Surface features can introduce polarization through reflectance off a dielectric or metallic 

surface at a non-normal angle of incidence, as described by the Fresnel equations (Bom 

and Wolf 1980). This phenomenon can include both man-made and natural surfaces. 

Finally, thermally emitted radiance can be similarly polarized upon emission for non-

normal view angles, due to refraction at the surface, as governed by the Fresnel equations 

(Millikan 1895). 

These same mechanisms can come into play for calibration targets. For on-board 

or laboratory- measurements, polarization due to molecular and particulate scattering can 

generally be neglected, as there is usually no significant atmosphere path length between 
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the target and the instrument. However, polarization due to reflection can be very 

significant, as calibration target surfaces may be quite smooth. The smoothness results 

from manufacturing and other design reasons (such as trying for multiple bounces in 

some blackbody designs) and avoids the scrambling of Fresnel-induced polarization that 

occurs for rough and randomly oriented surfaces. These same smooth surfaces can lead 

to polarized emitted radiance. 

For an instnmient to be sensitive to polarization, some of its optical components, 

which for this discussion includes the detector, must discriminate between polarization 

states. For reflective elements (mirrors and diffusers), the reflectance at an angle will be 

different for s and p polarization states. Thus, the radiance measured after the reflection 

will depend on the polarization of the radiance before reflection and its orientation with 

respect to the reflective element's local axis. This polarization sensitivity may be further 

complicated by the presence of thin films on the element, which will have a different 

reflectance and transmittance for each polarization axis. For refractive and transmissive 

elements (lenses and windows), the Fresnel equations again come into play as well as 

thin film transmittances. if thin films are present. Birefringent materials such as sapphire 

are sometimes used as refractive elements (Ricks 1988), which could introduce a 

polarization difference. In addition, the instrument designer may have introduced 

components designed to control polarization, such as quarterwave plates, halfwave plates, 

and depolarizers. Finally, the detector itself may be polarization sensitive depending on 

the light's angle of incidence (Deslis et al. 1992). 
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This chapter will review these phenomena in more detail providing the estimates 

of target polarization and instrument sensitivity that will be used in the next two chapters. 

2.1 Polarization of Earth Scenes 

While radiation observed from Earth scenes can be polarized at any wavelength, it is 

convenient to break the spectrum into the solar reflective region (wavelengths less than 3 

^m) and the thermal emissive region (wavelengths greater than 3 ^m). Since the 

radiance reflected from the sun dominates over the radiance emitted from the Earth below 

3 |am (and vice versa above 3 |im), different scientific measurements are made and 

different calibration approaches used. In addition, different phenomena are dominant in 

determining the observed polarization, with atmospheric scatter being stronger in the 

shorter wavelengths, and emissive polarization being irrelevant until the emissive 

radiation is measurable. 

2.1.1 Solar Reflective Region 

One of the strongest sources of polarized radiance in the solar reflective region is 

atmospheric scattering. The observed polarization results from both Rayleigh scattering 

off molecules in the atmosphere and Mie scattering off aerosols and is dependent on the 

illumination angle, observation angle, amount of aerosols, size of the aerosol particles, 

and wavelength of the light. Stephens (Stephens 1994) and Coulson (Coulson 1974) 

provide summaries of these phenomena. 
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The basic physics betiind atmospheric scattering is based on the interaction 

between light and dipoles. Solving for the scatter by a single dipole, the degree of linear 

polarization is 

P F { e ) =  (2-1) 
1 + cos 

where 0 is the scattering angle. Thus, one can theoretically get 100% polarized light at 

scattering angles of 90 degrees. In practice, this applies only to a pure molecular 

atmosphere of single dipole scatterers. Multiple scattering will reduce the observed 

polarization, because each time a scattering event occurs, the radiance acquires a different 

degree of polarization, depending on the new direction of the scattering. When multiply-

scattered waves are mixed, each now with its own degree of polarization, the result is a 

net decrease in the observed degree of polarization. 

As the particle size increases with respect to the radiance wavelength, the 

approximations used in Rayleigh scattering to generate equation 2-1 lose validity. Mie 

theory (Bom and Wolf 1980) covers the interaction of radiance with conducting spheres 

and has proven to be a good starting point for determining the scatter from aerosols. 

However, since Mie scattering is very sensitive to the particle size, shape, and refractive 

index, it is frequently impractical to use in remote sensing atmospheric studies. As a 

result, several analytical approaches to atmospheric scattering (Hitzfelder et al. 1976, 

Purchell and Pennypacker 1973) have been developed. Each of these deals with the 

computational difficulties in estimating the atmospheric components and radiance 
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quantities. However, all agree that the observed polarization will be less than for the 

Rayleigh atmosphere. 

It should be noted that circular polarization is predicted to be very small in aerosol 

scattering. Actual measurements (Angel et al. 1970) indicate that circular polarization is 

less than 0.002, and is therefore usually neglected in Earth scene polarization estimates. 

For the purposes of this dissertation, circular polarization of this order of magnitude will 

introduce a negligible effect on calibration and will therefore be neglected. 

A second major source of polarization in the solar reflective region is surface 

reflection. Solving Maxwell's equations at the surface boundary of a dielectric results in 

the Fresnel equations: 

• sin = («,+«,) 

„ tan'(^ 

sin(2^,)sin(2^,) 

sin(2^,)sin(2<9,) 

" sin' (^, + 0^ )cos' {O, - 6,) 

where 9i is the angle of incidence, 0t is the angle of the transmitted ray (which can be 

solved for using Snell's law), R is the reflectance of the s and p polarizations, and T is the 

transmittance. The transmittance equations have been included here for completeness 

and for their role in emissive polarization, described later. 
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For Earth surfaces, the Fresnel equations provide a reasonable approximation of 

the polarization observed due to reflection. There are few metallic surfaces observed in 

satellite remote sensing, so the dielectric assumption behind the Fresnel equations will 

hold. It should be noted that reflections off metal also introduce circular polarization, 

whereas dielectric reflections do not, allowing one to concentrate on linear polarization 

for Earth scenes. The Fresnel equations are good approximations of scene polarization 

for large, relatively flat surfaces such as water, pavement, packed sand (beaches or 

deserts), or canopies of broad leaves. 

It should also be noted that light scattered from a surface (as opposed to 

specularly reflected) will also be polarized, depending on the degree of scatter. The 

polarization is still basically governed by the Fresnel equations, modified for coarse 

structures (Egan 1998). In essence, surface roughness serves to lower the observed 

polarization by randomizing the instantaneous incidence angles. Each point on the 

surface will polarize the reflected light according to the incidence and viewing angles 

relative to the local normal. The more aligned the local normal vectors are (such as for a 

large flat surface), the more uniform, and therefore greater, the observed polarization. A 

perfect Lambertian surface scatters light uniformly in all directions, and therefore 

depolarizes the light perfectly (Nee and Nee 1998) whereas a perfect specular surface 

introduces the maximum polarization possible by the Fresnel equations. Thus, the 

amount of observed polarization scattered off of a surface will depend on the degree of 

scatter. 
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While polarization measurements from space have not been made until recently, 

there are a wealth of laboratory and airborne measurements of Earth scene polarization. 

In addition, there are multiple calculated scene polarizations, which have been used as the 

basis of polarization sensitivity specifications (Maymon and Chipman 1992). Table 2-1 

presents some of these values, culled from the literature, which will be used in later 

chapters of this dissertation. 

TABLE 2-1 MEASURED SCENE POLARIZATIONS 
Solar Reflective Region 

Scene Wavelength Polarization Reference Notes 
Factor 

Aerosols 
over 
Davis, CA 

652 nm 0-0.7 Coulson 
1974 

Observation angle 
dependent 

Aerosols 
over Los 
Angeles 

500 nm 
590 nm 

0.3-0.6 Takashima 
etal. 1974 

Aerosols 
over Japan 

6 bands 
443 to 865 nm 

0.2-0.5 Sano et al. 
1997 

Aerosols 439 nm 
542 nm 
647 nm 

O.I 
0.25 
0.4 

Roger et al. 
1985 

Shuttle 
measurements 

Aerosols— 
Rayleigh 
Atmosphere 

Visible 0-1.0 Stephens 
1994 

Theoretical 

Clouds 2.2 (am 0-.24 Hansen and 
Coffeen 
1974 

Aircraft 
measurements; 
view angle 
dependent 

Clouds 0.7,1.7, and 
2.7 ^m 

0-0.7 Plass and 
Kattawar 
1971 

Modeled values 

Ocean 443 nm 0.2-0.9 Gordon 
1988 

Modeled Top of 
Atmosphere values 

Ocean 439 nm 
542 nm 
647 nm 

0.07-0.17 Roger et al. 
1985 

Shuttle 
measurements 



31 

TABLE 2-1 MEASURED SCENE POLARIZATIONS-Continued 
Solar Reflective Region 

Scene Wavelength Polarization Reference Notes 
Factor 

Water 0.8-2.2 |im 0.1-0.95 Veselov et 
aL 1985 

Aircraft 
measurements from 
8 km 

Snow 439 nm 
542 nm 
647 nm 

0.01 
0.015 
0.02 

Roger et al. 
1994 

Shuttle 
measurements 

Sea Ice 532 nm 0 to >0.3 Miller et al. 
1994 

Made at ice surface 

Grass 492 nm 0-0.30 Coulson 
1974 

Lab measurement 

Forest. Red 
Pine 

533 nm 0-0.25 Coulson 
1989 

.\ircratt 
measurement. 1000 
ft 

Vegetation 439 nm 
542 nm 
647 nm 

0.05-0.35 Roger et al. 
1994 

Shuttle 
measurements 

Vegetation Panchromatic 
film 

0.02-0.08 Curran 1991 300 m altitude 

Vegetation 1650 nm 0-0.014 Breon et al. 
1995 

Field measurements 
(surface) 

Wheat 0.46-0.72 |im 0.002-0.3 Vanderbilt 
et al. 1985 

Strong dependence 
on wavelength, 
view angle, crop 
development stage 

Leaves 
(Geranium. 
Birch. 
Poplar) 

0.63 ^m 0.1-0.3 (Ger.) 
0.05-0.17 (Birch) 
0.02-0.10 (Pop.) 

Savenkov 
and 
Marienko 
1995 

Wetness dependent 

Leaves. 
Alfalfa 

7 bands, 
0.35-1.0 nm 

0.0005-0.228 Egan 1970 Lab measurement; 
max reported 

Leaves. 
Potato 

7 bands. 
0.35-1.0 |im 

0.00-0.822 Egan 1970 Lab measurement; 
max reported 

Leaves. Com 7 bands, 
0.35-1.0 |im 

0.003-0.769 Egan 1970 Lab measurement; 
max reported 

Tassels. Com 7 bands. 
0.35-1.0 fim 

0.006-0.225 Egan 1970 Lab measurement; 
max reported 

Fields 0.8-2.2 ^m 0.1-0.27 Veselov et 
al. 1985 

Aircraft 
measurements from 
8 km 
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TABLE 2-1 MEASURED SCENE POLARIZATIONS—Continued (2) 
Solar Reflective Region 

Scene Wavelength Polarization Reference Notes 
Factor 

Sand 439 rmi 
542 nm 
647 nm 

0.027 
0.030 
0.032 

Roger et al. 
1994 

Shuttle 
measurements 

Sand 492 nm 0-0.2 Coulson 
1974 

Lab measurement, 
also sand type 
dependent 

Soil. Red 
Clay 

492 nm 0-0.7 Coulson 
1974 

Lab measurement, 
also wetness 
dependent 

Soil. Black 
Loam 

492 nm 0-0.35 Coulson 
1974 

Lab measurement 

Soil. Yolo 
Loam 

492 nm 0-0.1 Coulson 
1974 

Lab measurement 

Soil. Wet 7 bands. 
0.35-1.0 ^m 

0.0-0.568 Egan 1970 Lab measurement; 
max reported 

Soil. Dry 7 bands. 
0.35-1.0 |4.m 

0.0-0.198 Egan 1970 Lab measurement; 
max reported 

Soil. 
Volcanic 

542 nm 0.2-0.25 Egan 1989 Shuttle 
measurements 

Soil. Bare 1650 nm 0-0.14 Breon et al. 
1995 

Field measurements 
(surface) 

2.1.2 Thermal Infrared Region 

In the thermal infrared region, atmospheric scattering is not a significant source of 

polarization because atmospheric emission dominates over scattering effects. Instead, the 

dominant causes of polarization are reflection from Earth surfaces and polarized 

emission. Reflection operates under the same principle as that in the Solar Reflectance 

region—one can use the Fresnel equations to estimate the polarization upon reflectance, 

and then one must account for the surface non-uniformity. Polarization of emitted light 
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works in a similar fashion, as originally described by Millikan (Millikan 1895) and later 

confirmed by others (Sandus 1965). 

Often, it is quite reasonable to treat all emitted light as emerging from some depth 

below the surface, where it is generated in a random, unpolarized, (ideal blackbody) 

manner. As the light passes through the surface, it is refracted and subjected to the 

surface boundary conditions for that interface. The Fresnel equations for refraction 

generally serve as a good description of the emerging refracted light. The depth 

necessary for this assumption to hold is identified as the skin depth, where the amplitude 

of an electromagnetic wave has been attenuated to l/e of its value at the surface (Sandus 

1965). This has been confirmed by Feldman and Hacskaylo (Feldman and Hacskaylo 

1963) who showed that as the thickness of thin metal films approaches the skin depth, the 

polarization approaches that of the bulk metal. 

It should be noted that researchers (Guenther et al. 1998, Palmer 1997) frequently 

attempt to determine the emitted polarization by measuring the reflectance and using 

KirchhofFs law to calculate the emittance. This assumes that Kirchhoff s law holds for 

polarized quantities. Kirchhoff s law does hold for hemispherically emitted radiation at 

local thermal equilibrium. Thus, in attempting to determine the emitted polarization from 

a single view angle of a real, dynamic system, one cannot necessarily assume that 

Kirchhoff s law will hold (Wolfe 1996). Fortunately, it is usually a close approximation. 

For perfect specular surfaces, the specular reflectance is equal to the hemispherical 

reflectance. Thus, for high quality surfaces like mirrors, the deviation from Kirchhoff s 

Law is related to the deviation from a specular reflection—frequently <1%. Similarly. 



for thermal equilibrium, measurements are often made on time scales much shorter than 

the thermal heating time constants. While this approach has some usefiihiess, it is much 

more accurate to determine the emitted polarization by direct measurement, when there is 

no significant background to cause reflections and confuse the measurement. 

Polarized light in the emissive infrared tends to be a combination of light reflected 

off the surface and emitted from the surface. Very little data on polarization in the 

thermal regions for actual Earth scenes exists in the open literature. This appears to be 

due to the general assumption that emitted light behaves as an ideal blackbody and is 

unpolarized. Table 2-2 summarizes thermal infrared scene polarization results found in 

the open literature. Additional results are known to exist in the classified literature and 

are consistent with the values reported here. It should be noted that in all cases, the 

observed polarization is dependent on the viewing angle to the surface, with high viewing 

angles (measured from the normal) having higher observed polarizations. 

2.2 Polarization of Calibration Targets 

Like Earth scenes, it is possible for Calibration Targets to be polarized. Polarization 

introduced due to atmospheric scattering can usually be neglected, due to insignificant 

atmospheric path length in laboratory or on-orbit environments where calibration is 

conducted. However, polarization upon reflection and emission can still be significant. 

While Calibration Targets can come in all varieties of types, for radiometric calibration 

the most common sources are bulbs, integrating spheres, reflectance panels, and 

blackbodies. The expected polarization of each of these will be discussed in this section. 
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TABLE 2-2 MEASURED SCENE POLARIZATIONS 
Thermal Emissive Region 

Scene Wavelength Polarization Reference Notes 
Factor 

Ocean 4-5.7|im 0.36±0.07 Gregoris et 
al. 1992 

sun glint dependent 

Ocean 8-12 ^m -0.016±0.008 Gregoris et 
al. 1992 

Sign indicates 90° 
plmse shift 

Ocean 7-13 |4,m 0.02-0.04 Ben-Shalom 
etal. 1991 

Ocean 12.6 Jim .15-0.510.2 Egan and 
Hilgeman 
1977 

viewing angle, 
wave dependent 

Ocean 8-12 }im 0.07-0.30 Cooper et 
al. 1996 

Water 4-5 jam 
10-11.5 

0-0.07 
0-0.042 

Shaw et al. 
1999 

viewing angle and 
background 
dependent 

Quartz Sands 5-12 |im 0.002-0.014 Johnson et 
al. 1994 

lab measurements 

Packed Sand 
Beach 

8-14 |im 0.0062-0.018 Ma.xwell et 
al. 1976 

60°-75° viewing 
angles 

Packed Sand 
Beach 

7-13 0 Ben-Shalom 
etal. 1991 

viewing angle 
unknown 

Wet Sand 8-14 jam 0.0208 Maxwell et 
al. 1976 

75° viewing angle 

Granite Rock 8-14 |im 0.0199 Maxwell et 
al. 1976 

75° viewing angle 

Cirrus Clouds 8-13.5 Jim <0.04 Hall 1968 
Vegetation 7-13 jam "observed" Ben-Shalom 

et al. 1991 
no Polarization 
Factor given 

Vegetation 10 ^m <0.004 Rogne et al. 
1990 

original 
measurement in AT 
units 

Asphalt 10 ^m 0.01-0.04 Rogne et al. 
1990 

original 
measurement in AT 
units 

Painted Metal 7.5-12 (Am 0.005-0.06 Rogne et al. 
1990 

Painted Metal 9.83 |im 0.0025-.3246 Maxwell et 
al. 1976 

10°-70° viewing 
angles 
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2.2.1 Solar Reflective Region 

For calibration in the Solar Reflective Region, the commonly used NIST 

irradiance standards are calibrated lamps (Early and Thompson 1996). Polarization here 

is by emission, although at visible wavelengths. In 1926, Worthing (Worthing 1926) 

studied the polarization of incandescent ribbon filaments and discovered that the emitted 

flux could be highly polarized at some angles (up to 0.95 at grazing angles for tungsten 

filaments). For straight uniform filaments, the polarization could be as high as 0.2. 

Other researchers have reported widely different values. Spooner (Spooner 1972) 

indicates that the polarization from a given point on the filament may be as high as 0.1 to 

0.4, but that the average polarization was closer to 0.01 to 0.02. Kostuk reports 

measurements of -3% (Kostuk 1980 and Kostuk 1981). Furthermore, Grum and Costa 

(Grum and Costa 1974) have conducted measmements of ttmgsten and xenon sources 

indicating no polarized irradiance. In all cases, the various researchers indicate that the 

observed polarization is strongly dependent on the filament geometry (flat, curved, etc.), 

the viewing geometry, and wavelength. 

Since bare bulbs do not generally provide the spatially uniform radiance which is 

desired for calibration, one frequently places the bulbs in an integrating sphere. The 

inside of the sphere is coated with a diffuse reflecting material and the aperture to the 

sphere is small compared to the internal surface area so that the light escaping the sphere 

will have been scattered several times. The resulting observed radiance is generally very 

spatially uniform and unpolarized (Anderson 1990). However, this does depend on the 

wall material, which will vary the amount of depolarization. Measurements by McClain 



37 

et al. (McClain et al. 1994) of a teflon walled sphere from 450 nm to 850 nm found the 

degree of polarization emitted from the sphere to be less than 0.006, which matched an 

ideal depolarizer to their measurement resolution. Measurements by Haner and Menzies 

(Haner and Menzies 1993) of a gold plated integrating sphere at 10 fim wavelength found 

the degree of polarization to be less than 0.05. 

.An alternate calibration approach is to use a reflective panel to help achieve 

spatial uniformity. This also has the advantage of allowing a direct calibration in 

reflectance units (Heath et al. 1993). Using either the sun (on-orbit) (Slater and Palmer 

1991) or a lamp (pre-launch) (Renotte et al. 1997), one illimiinates a diffuse panel, 

hereafter called a diffuser, and observes it with the instrument. The diflRiser's 

performance depends on its surface material, surface roughness, and thickness. 

Essentially, the more the observed radiance is a product of multiple scattering events 

(within the substance), and the more random the local normal at the surface (due to 

roughness), the lower the degree of polarization. Egan (Egan 1998) measured an increase 

in depolarization by a factor of two (i.e., polarized light incident on the diffuser had its 

polarization factor decreased by a factor of two) in magnesium carbonate and Halon as 

the view angle increased and multiple scattering became a more dominant effect. 

Similarly, Duggin et al. (Duggin et al. 1999) observed a drop in polarized reflectance 

from 0.8 to less than 0.01 that was proportional to the increase in diffuse reflectance 

(from "small" to over 98% respectively) for Spectralon™ panels, Kodak reflectance 

cards, and MacBeth color checker cards. Goldstein et al. (Goldstein et al. 1999) 

measured various grades of Spectralon and found the polarizance to be less than 0.05 for 
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panels with reflectance greater than 0.5 over a spectral range of 0.65 to 1.0 |im and 

incidence angles from 45 to 88 degrees. They found that panels with only a 0.02 

reflectance had high polarizance, up to 0.85. Thus, the better (higher diffuse reflectance) 

the diffliser, the more muhiple scattering, and the lower the resulting observed 

polarization. 

Direct measurements of flight diffusers confirm this small amount of polarization. 

The MERJS diffliser was measured and the polarization of the BRDF (defined as 

(BRDFs-BRDFp) / (BRDFs+BRDFp)) was less than 5% (Olij et al. 1997). Measurements 

of the MODIS diffliser (Pavlov et al. 1998) indicate little variance with polarization. 

Perhaps the most comprehensive set of measurements were performed by Guzman et al. 

(Guzman et al. 1991) who measured 10 diffliser candidate materials at wavelengths of 

500 nm, 750 nm, and 950 nm. They found that the polarization was less than 0.03 for all 

three wavelengths and decreased as the angle of illumination increased. 

Thus, in summary, normal calibration sources used in the solar reflective region 

will have small polarization factors, and the observed polarization can be reduced with 

some attention to the incidence angles and panel reflectance. 

2.2.2 Thermal Infrared Region 

Calibration targets fi»r the thermal infr-ared region generally consist of blackbodies 

of some form. For each, the destre is to get as close to an ideal blackbody as possible, for 

which the observed radiance can described by Planck's law. Major design elements 
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are therefore high temperature uniformity, high emissivity. low scatter from external 

sources, ideally no spectral shape (other than that of Planck's Law), and no polarization. 

There are several design approaches to achieve high emissivity and high 

temperature uniformity. These include conical and reverse conical cavities, cylindrical 

and spherical cavities, honeycombs (hexagonal), and v-groove blackbodies (Cussen 

1982). Unfortunately, some of these designs do not inherently produce unpolarized 

radiance. In particular, v-groove cavities like the MODIS on-board blackbody (Bauer et 

al. 1998) or other designs that rely on multiple bounces within a single plane may have 

some residual polari2ation. The goal of these designs is to maximize the emissivity by 

requiring any emitted radiation to undergo muhiple bounces before leaving the blackbody 

cavity. Therefore, these designs tend to have very smooth surfaces. However, since the 

bounces are all planar, any polarization from light entering the cavity or emitted below 

the surface is preserved. Furthermore, if the surface introduces polarization upon 

reflection, this polarization will be enhanced at each bounce. 

Theoretical calculations were conducted tor the MODIS on-board v-groove 

blackbody by Young (Young 1994) and Knowles and Knight (Knowles and Knight 

1995). These indicated that the observed polarization should be small—less than 0.01. 

In an attempt to confirm these calculations. Dr. Joseph Shaw of NOAA and I conducted 

some measurements of the infrared polarization of a MODIS v-groove blackbody. The 

report covering these measurements is attached in Appendix A. Unfortunately, the 

measurements were not conclusive. Due to limited signal to noise ratio (SNR), we were 

only able to determine that the polarization of the v-groove blackbody was less than 
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0.038. A similar measurement on a honeycomb blackbody determined that its 

polarization was less than 0.015. These measurements were not repeated due to fiscal 

and schedule concerns (i.e.. NASA was not interested in supporting turther measurement 

efforts). 

I have been unable to locate other measurements of the polarization from 

laboratory blackbodies in the literature. Wolff et al. (Wolffet al. 1999) have measured 

the thermal emission from aluminum and glass surfaces and found emitted polarizations 

from 0 at normal incidence to 0.9 at grazing incidence for smooth surfaces. These values 

were reduced by factors of 2 to 3 for rough surfaces. However, these measurements were 

performed for plates rather than cavity blackbodies. It does appear that it is possible to 

keep the polarization emitted from a blackbody quite small through careful choice of the 

cavity geometry and surface type. 

2.3 Polarization Sensitivity of Instruments 

In order for polarization to be an issue in remote sensing, the instrument must be 

sensitive to it, i.e. the measured signal must be different for different target polarizations 

in at least some instrument configuration. Several authors have discussed the 

mechanisms of polarization ray tracing in instrument design (Chipman 1995a, Waluschka 

1988, Flynn and Alexander 1994). This sensitivity to polarization can be due to several 

mechanisms and is strongly dependent on the particular instrument design. In particular, 

some of the same mechanisms that introduce polarization sensitivity, such as differing 

reflectances oflF mirrors for the s and p polarization states, can be balanced by other 
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polarization inducing elements, such as a second mirror crossed with respect to the first. 

This section briefly summarizes some of the mechanisms relevant to instrument design. 

2.3.1 Reflective Elements 

The reflective elements in an instrument can consist of mirrors, gratings, and 

diffiisers. The latter have already been discussed. For mirrors, polarization sensitivity is 

introduced by having different reflectance values for the s and p polarization states when 

the radiance is incident at an angle. This is essentially the Fresnel effect applied at the 

mirror's surface. However, it may not be straightforward to calculate the different 

polarized reflectances. Curved mirrors or systems with large F-cones will have a range 

of local incidence angles, which changes the net polarization for the component relative 

to a flat surface illuminated by a collimated beam. Fortunately, most ray tracing codes 

such as Code V (Optical Research Associates 1998) can now account for these variations. 

Also, real mirrors will scatter due to surface roughness, and that scatter may be polarized 

(Pezzaniti et al. 1994). 

In addition, the surface may have optical coatings. These can be quite signiflcant, 

depending on the material. Chapter Four discusses the polarizance introduced in the 

thermal infrared due to an absorption feature of the SiOx coating over a silver mirror. 

For a given known coating, the effects on the polarizance (defined as the amount of 

polarization that will be introduced to the light by the optical element) can be determined 

through thin film models (MacLeod 1989) or the coating represented as a separate 

element in polarization calculations (Rabinovitch and Toker 1994). Like the bare 
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surface, the net polarizance depends on the range of incidence angles and light 

wavelength. 

In instruments like spectrometers, gratings usually have substantial polarizance 

even at normal incidence (Maymon and Chipman 1992). This diattenuation (defined as a 

difference in transmittance that depends on the polarization state) can be aligned with or 

perpendicular to the rulings, depending on the wavelength, and can be reduced by using a 

larger ruling spacing. 

To minimize polarization from reflective elements, one can choose materials and 

coatings that introduce low polarization at the desired light wavelength. Some coatings 

can actually serve to compensate tor polarization introduced by other elements 

(Rabinovitch 1988). More frequently, one uses reflective elements crossed with respect 

to each other at 90 degrees. This axis rotation effectively ensures that the radiance in a 

given polarization state undergoes one "high" reflectance and one "low" reflectance 

bounce and the radiance in the orthogonal polarization state undergoes one "low" and one 

"high" reflectance bounce. Thus, the net reflectance is balanced and unpolarized to the 

level of synmietry (incident angle and surface type) of the two mirrors. 

2.3.2 Refractive and Transmissive Elements 

Lenses and windows introduce polarization sensitivity through surface refraction 

and sometimes birefringence. The latter is not often an issue, because while materials 

such as sapphire (Ricks 1988) are used in Earth remote sensing materials, they are 

usually oriented to minimize the bfrefringent effect. Refraction follows the Fresnel 
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equations and as with mirrors, the magnitude of the effect is dependent on the local 

incident angle, the material, and the presence of any coatings. Since the range of incident 

angles is usually closer to normal than the range of incident angles on mirrors and since 

antireflection coatings tend to have less polarization than reflecting coatings (Maymon 

and Chipman 1994). lenses and flat windows rarely introduce significant polarization. 

More common sources are spectral sorting beamsplitters. These are generally 

interference coatings on a transparent substrate designed to reflect some wavelengths and 

transmit others. Since the angle of incidence is usually high (-45°. though they can be 

designed for other angles), the polarization can be significant. ATSR launched with 

beamsplitters containing a polarizance in transmittance of 0.02 (Hunneman and Hawkins 

1996). Attempts to minimize the polarization have resulted in designs with a polarizance 

of less than 0.005 in the 500-600 nm range (Zukic and Guenther 1988), but this 

polarization sensitivity is still significant in systems like MODES that have a polarization 

response requirement of less than 0.02 (Maymon and Chipman 1992). 

In addition, specific polarization control components may be uicluded in the 

instrument. These depolarizers are frequently transmissive and scramble the polarization 

through a variety of techniques. Active depolarization via temporal mixing (rotating a 

polarizer or using an electro-optic modulator) is rarely done for orbital sensors given 

concerns about their space qualification, reliability, and lifetime (Waluschka et al. 1992). 

A Lyot depolarizer mixes polarization states by rotating the polarization vector different 

amounts for different wavelengths (Loeber 1982). These tend to be used only for 

broadband sensors. Another technique depolarizes the light by producing a rapid 
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variation in the polarization state across the exit pupil tor an arbitrary input state. Such 

depolarizers consist of two wedges of birefringent material oriented perpendicular to each 

other (McClain et al. 1992) and are limited to the wavelengths where there are available 

birefringent materials. Another possible technique is to convert the polarization to a state 

to which the rest of the system is insensitive. One such possible design would be a 

quarter waveplate that converts any linear polarization to circular (to which the rest of the 

instrument is insensitive) (Kampe 1999). As can be seen, each of these has its own 

strengths and weaknesses and the inclusion of any particular method will be dependent 

on the sensor design details. 

2.3.3 Detectors 

Detectors can contribute to the instrument's polarization sensitivity. Light 

incident at non-normal angles is refracted into the detector substrate before being 

detected. Thus, the Fresnel equations apply to the interface, and the presence of any 

coatings (spectral sorting or anti-reflection) must be accounted for. Deslis et al. (Deslis et 

al. 1992) measured a silicon CCD at 550 and 650 nm and found that the polarization 

response could get as high as 0.12 at incidence angles of 40°. In general however, most 

remote sensing instnmients are designed to keep the range of incidence angles closer to 

normal, where they generally contribute little to the instrumental polarization (Maymon 

and Chipman 1992). 

While each of these mechanisms can introduce polarization, it should be noted 

that the relevant sensitivity is not at the component level, but at the system level. The 
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polarization sensitivity must be determined for the entire instrument, either through 

model or measurement. The following chapters will address what to do with this 

information, as well as possible ways to collect it. 
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THE EFFECT OF POLARIZATION ON THE .APPLICATION OF CALIBRATION 

COEFFICIENTS 

CHAPTER 3 

The most direct effect of polarization on radiometric calibration uncertainty 

comes during the application of the calibration coefficients. If the calibration target has a 

different polarization than the scene and the instrument is sensitive to polarizatioa then 

the calculated coefficients will include some error. This chapter derives equations for 

estimating this uncertainty and uses them to calculate it for a variety of boundary cases 

and realistic cases, using the data in the previous chapter. In addition, it discusses the 

threshold at which instrument designers and calibration scientists need to be sensitive to 

the effects of polarization on the calculation and application of calibration coefficients. 

3.1 Scene Dependent Variables in Radiometric Calibration, Orthogonalization and 

Normalization 

In order to establish the effect of polarization on the calculation of calibration 

coefficients, it is first necessary to discuss how scene dependent variables in general are 

accounted for in the calibration equations. The basic sensor equation is 

where r is the measured signal, r,, is the offset, R is the instrument response or gain, L is 

the at-aperture radiance, and F(L) represents any nonlinear response. Temporarily 

neglecting the nonlinear response, the basic calibration equation is 

(3-1) 
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L = a + b-V (3-2) 

where a and b are 

a = - r jR (3-3a) 

b  =  l / R  (3-3b) 

and a and b are defined as the calibration coefficients. The terms a and b are determined 

by looking at two known scene radiances. and 0, recording the resulting signals, 

and FQ , and solving the equation appropriately. Calibration is theretbre a two step 

process. First one calculates the calibration coefficients by looking at a calibration target, 

and then one applies the calibration coefficients to the signal fi-om the unknown scene. 

When the actual physics of the radiometer is considered, the instrument equation 

becomes more complicated, namely 

XX 00 X 4.T00 

r = To + J j J J J \R{A,Clx,y,Pj}L{A,Q,x,y,Pj)dAdQdxciydPdt (3-4) 
0 0 -00 -<30 0  0 

where the signal is the integrated response over the scene dependent variables of 

wavelength. A, received solid angle, n, source extent, x and y, polarization, P, and 

integration time. t. Solving for analogs of equations 3a and 3b cannot be done without 

making assumptions about the scene or instrument response. 

The first common assumption is that the scene variables are orthogonal. As 

Wyatt (Wyatt 1978) points out, this is a reasonable assimiption for Earth remote sensing 

radiometers within certain limits (short integration times, etc.). This allows equation (4) 

to be written as 
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X 4 ,T XX 

r  =  r ,  +  \ R { X )  L { l ) d l  J/f(Q)-i:(Q)</Q J v>ira^-
0 0 -x -x  

X 00 ^  '  

•  \  R { P ) - L{ P )dP\ R { t ) - L { t ) d t  
0 0 

The second common assumption, discussed extensively by Nicodemus. (Nicodemus 

1973) is that each R can be normalized such that the integral can be undone. This allows 

where Ro is the response independent of the scene dependent variables. The analog to 
(3-3b) is therefore 

b = \IR 

= y(R,R,R,R,,R^R) 

The values of R can be chosen by several methods, such as peak normalization. (Wyatt 

1978) bandwidth normalization. (Nicodemus 1973) or moment normalization (Palmer 

and Tomasko 1980). The selection criteria for choosing R are the need to maintain 

orthogonality and accuracy over the full range of data. 

These assumptions of orthogonality and normalization can be equally valid for 

non-linear calibration equations. The non-linear response usually cannot be determined 

in the sensor equation, as it is frequently a function of the non-ideality of the detector and 

electronics response and therefore unpredictable until actual components are in place. 

Non-linear response is usually better measured in system level linearity tests, where a 

variety of known radiances spaiming the sensor dynamic range are observed by the 

sensor and then the data are curve fit to determine the non-linear coefficients. 
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Ideally, the calibration equation is an exact inverse of the sensor equation. Since 

an analj^ical form of a non-linear sensor equation is generally not known, the 

experimenter is forced to choose their own basis functions. Frequently, the choice is to 

use a simple polynomial equation (Guenther et al. 1998, Weinreb 1996), as one rarely 

finds the need for more than a single non-linear term. However, if one uses an 

orthogonal polynomial set, such as Legendre Polynomials, one can preserve the 

assumptions of orthogonality and normalization. The calibration equation equivalent to 

where a, b, and c are the calibration coefficients and the Legendre polynomial terms are 

It should be noted that Legendre Polynomials are only orthogonal on the interval 

-1 < X < 1, so the raw data may need to be scaled to fit within this interval. It should 

also be noted that, for this low order fit (inclusion of only a second order term), the 

Legendre Polynomial fit is within a few constants of the traditional polynomial fit. 

The advantage of using an orthogonal polynomial set is that it allows the linear 

and non-linear terms to be independently orthogonalized and normalized. 

The equivalent to (3-4) is 

(3-2) is 

Z, = a • Pg (x) + ^7 •/*, (.r) + c • A (x) (3-8) 

Pn{x)=l 

P,(x) = x 

(3-9a) 

(3-9b) 

(3-9c) 
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XX OC X 4/ rx  

r  =  r .  +  J J J  J  J J « ( A . a x . ,  y.Pj )-L{A.<Xx,y.Pj )dXdQdxdydPdt 
OO-CC-IOO C^-IO^ 

xoc 00 X 4f f<c W" ' ' - ' /  H J j  J J K  {XSXx.y.PJ )-F{L{XSl.x,y.Pj ))dAdQdxdydPdt 
0 0 -X -X 0 0 

where the subscript ML is used to indicate that the non-linear coefficient is distinctly 

different than the linear coefficient and F(L) is the nonlinear response in equation (3-1). 

Note that while the empirical coefficients will be determined in the calibration equation, 

the presumption of orthogonality between the terms holds in the instrument equation. 

When it is orthogonalized, the equivalent to equation (3-5) is 

X Aft  XX 

r  =  T o  +  \ R { x )  L { x ) d X  J / f ( Q )  l ( Q V Q  J >-)• L{x.y)dxdy 
0 0 -X -  X 

X X 

•  \ R { P) - L [ p ) d p \ R { t ) - L{t)di 
0 u 

0 0 -no —00 

. J J?,, (/>)• F { L i P ) ) d p ]  R „  ( , ) •  F { L ( l ) ) d ,  
0 0 

The linear term is normalized as before. The non-linear term must be normalized for the 

quantity F(L). We note that for standard instruments, any non-linearity arises in the 

detector/electronics chain and not in the optics. As such, we can use the same 

normalization terms for the optically based response terms, with a separate non-linear 

term. Equation (3-6) is thus 

= Fg + /?oR ;i R p R j  yR QR , ^.vi ^{j^x.pj.y.aj)) (3-12) 

sT Q + RQR;^RPR^_^.R^R,L' 

(3-11) 
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The use of the term L' shows how the non-linear calibration can then be broken into two 

parts. The approach used in the rest of this chapter can be used to estimate the calibration 

uncertainty on L' from polarization or other scene dependent variables in the same way it 

would be done for a linear calibration equation. Then the empirically determined non-

linearity calibration equation is used to determine the actual radiance, with the 

appropriate error propagation. 

These first two assumptions of orthogonality and normalization affect the 

calculation of the calibration coefficients. A third assumption, often unspoken, must be 

made when the calibration coefficients are applied. The user presumes that the calculated 

and reported radiance has a given distribution for each scene dependent variable, such as 

polarization where the reported radiance generally presumes an unpolarized scene. The 

presumed distribution is frequently the same as the calibration target used in calculating 

the calibration coefficients. To the extent that the scene does not match the associated 

presumptions for each variable, the reported radiance has additional uncertainties. 

By using the first two assumptions and explicitly examining the third, one can 

calculate the impact of scene dependent variables on the radiometric calibration 

coefficients. The next section uses the first two assumptions of separability and 

normalization to derive the normalized polarization response. Rp. using both Stokes 

vector and Jones vector formalisms. 
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3.2 Normalized Polarization Response 

The Normalized Polarization Response, Rp, is defined as the instrument 

response due to polarization, normalized to the calibration target radiance and 

polarization. Assuming that all other scene variables can be accounted for independently, 

the sensor equation (3-6) can be written as 

r =  r , + R , R , .Lp (3-13) 

where R^ is the response independent of polarization and now incorporates all other 

scene dependent terms. By defining Rp to be normalized to the polarization of the 

calibration target, we place two requirements on it: 

1. = 1 when the scene polarization equals the calibration target polarization 

(Lp (scene) = Lp {cat)) .  

2. Rp = \ when the instrument responds equally to all polarizations. 

This also allows R.^ to be calculated without any knowledge of the calibration target 

polarization. 
Applying (3-13) to a calibration target of known radiance Lp [cal)  and measuring 

the resulting signal V{cal), R„ is calculated directly by 

(3-14) 
Lp{cal)  

The calibration equation (3-2) is now 

Lp =a + b-r  = ~^° (3-15) 
RgRp 



where the only remaining unknown is the Normalized Polarization Response. Rp can be 

determined through the independent characterization of the radiometer's polarization 

response. This can be done through polarization ray tracing methods such as presented 

by Waluschka (Waluschka 1988) and Chipman (Chipman 1995a) or by actual laboratory 

measurements of the appropriate polarization elements. The next section derives R,, in 

terms of measured elements using the Stokes Vector tbrmalism and section 3.2.2 presents 

Rp in terms of mea<5ured elements using the Jones Vector formalisms. 

3.2.1 Stokes Vector Formalism 

Mueller matrices and Stokes vectors allow the characterization of partially 

polarized light and so are frequently used in Earth remote sensing. Several authors 

(Ahmad and Markham 1992, Gordon 1988, Gasster 1989) have calculated the sensitivity 

of Earth remote sensing instruments to polarization using Mueller matrices but have not 

included any normalization. The trade-off to Stokes vectors is that they do not include 

the phase of the electric field, which makes them difficult to use when ray tracing an 

optical system. Flynn and Alexander (Flynn and Alexander 1994) have tried to rectify 

this for BRDF scattering. 

The Stokes vector is defined as (Chipman 1995b): 
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where s ^ ,  5,, 5,, and s ~  are the Stokes vector components and define the total incident 

irradiance, the linear polarization, the 45 degree polarization, and the circular polarization 

of the target, respectively. The instrument response is defmed by the Mueller Matrix M 

for the optics and the response of the detector and electronics, , where 

The vector representation of captures the fact that the detector and electronics 

respond to the total irradiance, integrated over all polarizations. Reducing this to a scalar 

equation gives 

where the detector, electronics, and optics responses have been combined into a single 

term for each Stokes vector element. 

As discussed in Chapter 2, Earth scenes and calibration targets have small circular 

polarization components. In essence, changes in the scene polarization are slow 

compared to instrument response times. This allows circular polarization to be taken as a 

combination of linear polarizations incident on the detector at a given time. Thus, can 

be neglected, giving 

"*00 "*01 "*02 "*03 •^o 

= = 0 0 oj "'10 '"11 '"12 "*13 •'l 
/W IQ /Wl] "'23 

'"30 

(3-17) 

r = To + Ra,,maoSo + 

= Fg + •^OO'^O ^0\^i ^02^2 ^03'^5 
(3-18) 

r — F Q + RqqSQ + /fj i  5 |  + RQ2^2 (3-19) 
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Using the definition (Chipman 1995b) of the Polarization Factor (degree of linear 
polarization): 

PF = (3-20) 
^0 

and the orientation angle of the major polarization axis 

7 = T arctan 
S-, 

L^. J  
(3-21) 

one can show that 

and 

s^ =  Sq  •  P F - cos^I T ] )  (3-22) 

5, = 5, tan(2;7) (3-23) 

and therefore 

r = ro +(y?oo +/'F-cos(27) •/?(,, +/'F-sin(2/7)-/?oJ-5o (3-24) 

Comparing (3-24) with (3-13). we note that the Stokes Vector component is 

equivalent to the incident radiance Lp (mathematical equivalence requires division by a 

solid angle to convert from irradiance to radiance and division by 2). We also note that 

the response to the second and third Stokes vector component elements is some fraction 

of the total response (the response to the first Stokes vector component). This allows us 

to defme 

'^Ol OO = ^01 /^OO 

^02/00 ~ ^02 /^tX) 
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where and Rq2:oo are now bounded between 0 and 1 (/fgo is larger than iJg, and 

/?02 for all legal Mueller matrices). Combining (3-24), (3-25), and (3-14), we get an 

expression tor the normalized polarization response for a measxired signal T{scene) when 

looking at an Earth scene of unknown radiance (scene): 

n _r{scene)-ro 

RQ • L(scene) 

(l + PF{scene)• cos{lri{scem))-/Jq, po + PF{scene)-syBilTjiscene))-R^^ f^ )• R^^ 
= _ 

(3-26) 

where the scene radiance and Stokes Vector component have canceled out. When 

looking at a known calibration target, the normalized polarization response is defined to 

be equal to 1. which allows (3-24) to be similarly solved for R^: 

RQ={\ + PF{cal)cos{2rj{cal))-+ PF{cal)-sm{2n{cal))-R Ĵ̂  )• R  ̂ (3-27) 

Combining (3-26) and (3-27) gives the final expression for the Normalized Polarization 
Response: 

1 + PF {scene)-cosilrjiscene))-R^^y^ + PF {scene)-sinilTjiscene))-^0200 

' 1 + PF{cal) • cosi^Tjical))• R^^^ + PF{cal) • sin{2r}{cal))• /foioo ^ ~ ^ 

When the scene polarization equals the calibration target polarization 

(normalization condition #1), then PF{scene) = PF{cal) and rf{scene) = rj{cal) and 

therefore Rp =1. When the instrument responds equally to all polarizations 

(normalization condition #2), then Roygg =^02 00 =0 and again /?p =1. Thus (3-28) 

meets the requirements for the definition of the Normalized Polarization Response. 
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3.2.2 Jones vector formalism 

Jones matrices and vectors operate on the field amplitude and generally presume 

complete polarization. As such, they are generally less useful for describing Earth scenes 

than Stokes vectors. However, Jones vectors are more amenable to optical ray tracing 

(Chipman 1995b). 

The Jones vector is defined as 

E = a e 

a^.e 
(3-29) 

where and a, are the amplitude of the electric field in the x and y planes and <f>^ and 

are the associated phases. The irradiance is related to the Jones vector by 

L, = \E\ (3-30) 

To describe partially polarized light, such as from an Earth scene, the incident irradiance 

can be decomposed into two components: one that is completely unpolarized. U. and one 

that is completely polarized. V. This makes the field vector (Chipman 1995b) 

E  =  { \ - P F y - - U  +  i P F f - - V  (3-31) 

where U and F are orthogonal vectors. These two vectors can then be traced through 

the optical system using standard Jones matrix methods. 

Using this approach, the instrument response is defined by 

r - TQ +Rict 
(3-32) 
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where the subscript d indicates that the vector is taken at the surface of the detector and 

has already been propagated through the optical system. 

At the detector, the magnitude of the completely unpolarized vector U j is simply 

the magnitude of the incident irradiance, which can be represented by JQ with the same 

caveats as the Stokes vector approach (that mathematical equivalence requires division 

by a solid angle and a factor of 2), times the total response of the optical system 

U . .  
= R 

apt ^0 (J-JJ)  

The polarized vector at the detector is defined by the Jones matrix J of the optics and the 

Jones vector describing the irradiance incident at the entrance aperture 

FJ = J .£ = >
—
 

Jn' 'a/*' '  

Jy, j>y. 
'^v (3-34) 

and its magnitude is 

V. 
'=iyxrr+|y«r)- iarr+|y»r+iyn-r)-K-r  

+ 2 • [Re{/-^y;,}+ Re{/J- |a J • la, I 
(3-35) 

when circularly polarized light is zero (- (p^. j = Inn, n is an integer). 

T I I-
One notes that | + |^y = •^o' ^he magnitude of the incident irradiance, and 

defines the fraction of the incident irradiance in the x, y, and 45 degree axis directions as 
s^. . and by 

K'v 5, = = (3-36) 

we can then rewrite (3-35) as 

= lyrcl' +|y„r)-^x +|y>yr +i/xv.|i--yv +--[Re{/„y^}+Re{/„^^ (3-37) 
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Substituting (3-33) and (3-36) into (3-32) gives 

r  =  To +  [0- P F ) +  P F - s , - R , + P F - s ^ .  •  R ^ .  + 2 - P F - s ^ .  •/?„]• 5^ (3-38) 

where we've defined the fractional response of the sensor in the x. y, and xy directions as 
/?,, Ry, and R^ by 

^r- l /xxl  +|yrv|  ) /^00 

«, +|/„r)/«» (3-39) 

= }+ Re{/ „y; ))//foo 

where R^Q = R^ • R^^,. and is the total response of the system as defined in the Stokes 

vector picture. 

Equation (3-38) now gives the instrument response in a form very similar to 

equation (3-24). By following similar steps to the Stokes vector approach, the 

normalized polarization response is 

I - PF(scene)+ PF(scene)• s^(scene)• R, + PF(scene) sJscene) R^. + 2- PF(scene)-s^{scene)-
'' (l - PF(cai))+ PF{cal)-s^{car)- R^ + PF(cal) s^{cal)- R^ + 2- PF(cal)-s^Xcal)-R^ 

(3-40) 

When the scene polarization equals the calibration target polarization 

(normalization condition #1), then PF{scene) = PF{cal) and s^(scene) = s^{cal) and 

therefore Rp = \. When the instrument responds equally to all polarizations 

(normalization condition #2), then the response along any given polarization axis is equal 

to the total response, R^ = R^. =L R„ = 0. and again = 1. Thus (3-40) meets the 

requirements for the definition of the Normalized Polarization Response. 
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We also note that equations (3-28) and (3-40) are equivalent, since 

=t0 + '^OS2;7), 5, =|(1-COS277), ={sin(27), =l + ^oi/oo' = 1 -/?o,/oo. and 

~ ^02,00 • 

3.3 Radiometric Uncertainties due to Polarized Scenes 

The big advantage of determining the normalized polarization response comes in 

calculating the radiometric uncertainties due to polarization. For most Earth remote 

sensing applications, the goal is to keep the total radiometric uncertainty to a tew percent, 

which will require the contribution due to polarization to be generally 1% or less. The 

scene radiance can be calculated using equation (3-15). Since the normalized 

polarization response has been defined to be orthogonal and independent to the 

instrument response /?„, the uncertainty in the scene radiance is (given as a fractional 

uncertainty): 

SL, ^ sr ^ 

r-r, 0 y 

^,1 
N-

r-r, 
+ 

0 y 0 / \ / 

(3-41) 

This allows one to directly and systematically determine the impact of scene polarization 

on the radiometric uncertainty of the scene. Since the Stokes and Jones vector 

approaches are equivalent, only the former will be used here. 

One may note that the radiometric uncertainty depends upon two unknowns, the 

Scene Polarization Factor (PF {scene)) and the orientation of the Scene Polarization 

Factor (Tj{scene)), which are tucked into the Normalized Polarization Response. As 
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mentioned in section 3.1, these unknowns require a third assumption (about the 

distribution of the scene dependent variables) in order to apply the calibration 

coefficients. The Normalized Polarization Response can be calculated for any 

assumption using the equations in section 3.2. The radiometric uncertainty due to 

polarization is 

SRp _ Rp(aclual)- Rp{presumed) 

Rp R,A presumed) 
' (3-42) 

_ Rp (actual) ^ 

R p {  p r e s u m e d )  

The most common presumption is that the scene has the same polarization 

characteristics as the calibration target. This means that Rp = \. In the event that the 

investigator has some knowledge about the scene and target polarization (due to 

measurement of the target polarization or independent knowledge of the scene), the 

investigator may presume that Rp is equal to some other value, calculated with (3-28) or 

(3-40). The effect will be to lower the uncertainty for scenes close to the presumed 

polarization. This would be most valuable for the case of a known calibration target 

poiarization and an assumed unpolarized scene. 

The following sections will use (3-42) to determine the radiometric uncertainties 

introduced by polarization for both theoretical boundary cases and scenes and calibration 

targets discussed in Chapter 2. 



3.3.1 Boundary Cases 

The extreme boundary cases for radiometric uncertainty occur when the 

radiometer is 100% polarization sensitive and the incident radiance is 100% polarized 

perpendicular to the sensitivity axis (resulting in potential 100% uncertainties). 

However, most instruments designed as radiometers will perform as diattenuators rather 

than ideal polarizers, with polarization responses well below 1.0. Additionally, the 

polari2ation response can be characterized independent of the radiometric calibration, 

further reducing the range of potential uncertainty. 

This strong dependence on the instrument polarization response can be seen in 

Figure 3-1, where the fractional radiometric uncertainty due to polarization is plotted as a 

ftmction of the instrument polarization response Ro,oo for several scene polarizations. 

These include combinations of low (0.001) and medium (0.01) calibration target 

polarizations (PF(cal)), low (0.001), medium (0.01), high (0.1), and extreme (1.0) scene 

polarizations (PF(scene), and scene orientation axes (^(scene)) parallel to the x-axis (0) 

and the y-axis ( /t/2 ). Charts covering all combinations of these variables are given in 

Appendix B. The case shown is for a linear diattenuator aligned along the x-axis. 

Diattenuators aligned along the 45-degree axis (Ro»oo = 0, the uncertainty is now a 

f u n c t i o n  o f  R 0 2 / 0 0 )  a n d  a n y  a r b i t r a r y  a x i s  ( R i , o o  =  R o » o o  •  c o s  2 0 ,  R i a / w  =  R o a o o  •  s i n 2 6 )  

look similar and a discussion of coordinate transforms to these axes is included in 

Appendix B. 

From Figure 3-1. one sees that the radiometric uncertainty due to polarization is 

small for instruments with polarization responses less than O.OOl. For instruments with 
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polarization responses of 0.01 (1%), the uncertainty is always <1% (0.009% for scenes 

with 1% polarization, 0.09% for scenes with 10% polarization, and 0.9% for scenes with 

100% polarization). However instruments with moderate polarization sensitivity (0.1 or 

10%) become very sensitive to scene polarization, introducing radiometric uncertainties 

of 9.98% for 100% polarized scenes, 0.9% for scenes with 10% polarization, and 0.09% 

for scenes with 1% polarization. Scanning Figures B-1 through B-22 in Appendix B, one 

sees that these order of magnitude conclusions hold for all other combinations of these 

variables. 
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FK?IJR£3-1. Radiometric Uncertainty due to Polarization as a function of 
Instrument Polarization Response for nine scene cases 

This dependence on the instrument polarization sensitivity is also illustrated in 

Figure 3-2. The x axis is the actual difference between the scene and calibration target 

polarizations, which was presumed to be 0 when the calibration coefficients were applied. 

The radiometric uncertainty is roughly linear with the difference between the scene and 
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calibration target polarizations, with the slope determined by the instrument polarization 

sensitivity. Any calibration target polarization merely shifts the intercept, restricting the 

range of the difference, but not altering the functional dependence. Plots covering the 

complete set of the combinations of PF(cal) and Rmoo are included in Appendix B and 

show the same dependence. Thus, if the instrument polarization sensitivity is low. even 

large differences between the scene and calibration target polarization will have only a 

small effect on the radiometric uncertaintv. 
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FIGIjRE3-2. Radiometric Uncertainty due to Polarization as a function of scene and 

calibration target polarization 

Figure 3-3 takes the moderately sensitive (Ro*oo = 0. l) instrument given in Figiu-e 

3-2 and shows the effect of differences in polarization angle between the scene and 

calibration target. As the scene polarization angle rotates, it reaches its extreme values at 

muhiples of n/2, pivoting around the smallest value of PF(scene) -PF(caI) for the given 

PF(cal). The apparent pivoting is because the cosine term in (3-28) is modifying the 
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effect of the instrument response Ro»qo , which defines the slope. The pivot point is 

where the scene polarization factor is zero, and therefore where rotation of the scene 

polarization angle has no effect. Again Appendix B contains a complete set of plots 

showing the dependence in Figure 3-3. 
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FIGURE3-3. Radiometric Uncertainty due to Polarization for a moderately sensitive instrument 

as a function of scene polarization and polarization angle 

Legend: PF(cal), 

riiscene) 

The cosine variation in the radiometric uncertainty is more clearly shown in 

Figure 3-4. which plots the radiometric uncertainty due to polarization as a function of 

the polarization angle difference. Again, the complete family of curves that match Figure 

3-4 are included in Appendix B. Not having the calibration target polarization axis 

aligned with the instrument polarization axis (/^(cal) * 0 for the given instrument) shifts 

the point on the curve that has zero radiometric uncertainty, but does not change the 

curve shape. Thus, the effect of the polarization angle can be to increase the radiometric 

uncertainty by a factor of two if the calibration target is highly polarized. For calibration 
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targets with low polarization, changing the scene polarization angle has a minimal impact 

on the radiometric uncertainty. 
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FIGURE3-4. Radiometric Uncertainty due to Polarization as a function of polarization angle 

The figures presented so far have all assumed that = 1. It should also be noted 

that if the investigator presumes that /?,, is equal to some other value, the effect is simply 

a shift in the y-axis in these plots. This is illustrated in Figures B-109 through B-112 in 

Appendix B. 

3.3.2 Literature Data Cases 

Using the Polarization Factors previously reported in Chapter 2, one can estimate 

the radiometric uncertainty contribution due to polarization for various scenes and 

Calibration Targets. Figures 3-5 and 3-6 plot the radiometric uncertainty due to 

polarization vs. instrument response for several of the Polarization Factors given in 
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Tables 2-1 and 2-2. The complete set of plots for all cases reported in the tables are 

given in Appendix B. In each case where the reported polarization factor spans a range 

of values, the largest Polarization Factor value was chosen. 

Tables 3-1 and 3-2 list the magnitude of the radiometric uncertainty due to 

polarization in percent for these targets for instruments with very low (0.001). low (0.01). 

and moderate (0.1) polarization sensitivity. In addition, a column Is included for the 0.02 

sensitivity requirement imposed on some instnmients like MODIS and VIIRS. 

It should be noted that for Figure 3-5,1 have chosen the value from each category 

that I deemed closest to the Top of Atmosphere polarization that would be observed for 

that scene. Thus, shuttle measurements and aircraft measurements were used in 

preference to ground measurements which were used in preference to laboratory 

measiarements. In general, these values have lower polarizations that the others in their 
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TABLE 3-1 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Unpolarized Calibration Target 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Aerosols 

Coulson 1974 0.07% 0.7% 1.4% 7% 
Takashima et al. 1974 0.06% 0.6% 1.2% 6% 
Sane et al. 1997 0.05% 0.5% 1% 5% 
Roger et al. 1994 0.04% 0.4% 0.8% 4% 
Stephens 1994 0.1% 1% 2% 10% 

Clouds 
Hansen and Coffeen 1974 0.024% 0.24% 0.48% 2.4% 
Plass and Kattawar 1971 0.07% 0.7% 1% 7% 

Ocean/Water 
Gordon 1988 0.09% 0.9% 1.8% 9% 
Roger etal. 1994 0.017% 0.17% 0.34% 1.7% 
Veselov et al. 1985 0.095% 0.95% 1.9% 9.5% 

Snow/Ice 
Roger et al. 1994 0.002% 0.02% 0.04% 0.2% 
Miller et al. 1994 0.03% 0.3% 0.6% 3% 

Grass/F orestA^egetat ion/F ie id 
Coulson 1974 (Grass) 0.030% 0.30% 0.60% 3.0% 
Coulson 1989 (Forest) 0.025% 0.25% 0.50% 2.5% 
Roger et al 1994 0.035% 0.35% 0.70% 3.5% 
Curran 1991 0.008% 0.08% 0.16% 0.8% 
Breon et al. 1995 0.0014% 0.014% 0.028% 0.14% 
Vanderbilt et al. 1985 0.03% 0.3% 0.6% 3% 
Veselov et al. 1985 0.027% 0.27% 0.54% 2.7% 

Leaves 
Savenkov and Marienko 1995 0.030% 0.30% 0.60% 3.0% 
Egan 1970 (Alfalfa) 0.0228% 0.228% 0.456% 2.28% 
Egan 1970 (Potato) 0.0822% 0.822% 1.644% 8.22% 
Egan 1970 (Com Leaves) 0.0769% 0.769% 1.538% 7.69% 
Egan 1970 (Com Tassels) 0.0225% 0.225% 0.45% 2.25% 
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TABLE 3-1 Continued MAGNITUDE OF RADIOMETRIC L^CERTAINTY DUE 
TO POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Unpolarized Calibration Target 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Sand/Soil 

Roger et al. 1985 (Sand) 0.0032% 0.032% 0.064% 0.32% 
Coulson 1974 (Sand) 0.02% 0.2% 0.4% 2% 
Coulson 1974 (Red Clay) 0.07% 0.7% 1.4% 7% 
Coulson 1974 (Black Loam) 0.035% 0.35% 0.7% 3.5% 
Coulson 1974 (Yolo Loam) 0.01% 0.1% 0.2% 1% 
Egan 1970 (Wet Soil) 0.0568% 0.568% 1.136% 5.68% 
Egan 1970 (Dry Soil) 0.0198% 0.198% 0.396% 1.98% 
Egan 1989 (Volcanic Soil) 0.025% 0.25% 0.5% 2.5% 
Breon et al. 1995 (Bare Soil) 0.014% 0.14% 0.28% 1.4% 
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category, indicative of the depolarization effects of the atmosphere. I feel these would be 

most representative of the given category. 
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Some patterns become obvious in Table 3-1. First, for the given scenes, the uncertainty 

is very linear with instrument response. One must have three significant figures to be 

able to see deviations from a linear function. Second, laboratory measurements have 

higher polarization factors than orbital measurements. Third, there is some variation 

within categories, but families tend to be consistent. 

TABLE 3-2 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT THERMAL EMISSIVE SCENES 

Unpolarized Calibration Target 
Radiometric Uncertainty 

0.001 0.01 0.02 O.l 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Ocean/Water 

Gregoris et al. 1992 (MWIR) 0.036% 0.36% 0.72% 3.6% 
Gregoris et al. 1992 (LWIR) 0.0016% 0.016% 0.032% 0.16% 
Ben-Shalom et al. 1991 0.004% 0.04% 0.08% 0.4% 
Egan and Hilgeman, 1977 0.05% 0.5% 0.1% 5% 
Cooper etal. 1996 0.03% 0.30% 0.60% 3% 
Shaw et al. 1999 (MWIR) 0.007% 0.07% 0.2% 0.7% 
Shaw et al. 1999 (LWIR) 0.0042% 0.042% 0.082% 0.42% 

Sand/Rock 
Johnson et al. 1994 (Sand) 0.0014% 0.014% 0.028% 0.14% 
Ma.\well et al. 1976 

(Sand Beach) 0.0018% 0.018% 0.036% 0.18% 
(Wet Sand) 0.00208% 0.0208% 0.0416% 0.208% 
(Granite Rock) 0.00199% 0.0199% 0.0398% 0.199% 

Cirrus Clouds 
Hall 1968 0.004% 0.04% 0.08% 0.4% 

Vegetation 
Rogne et al. 1990 0.0004% 0.004% 0.008% 0.04% 

•Asphalt/Metal 
Rogne et al. 1990 (Asphalt) 0.004% 0.04% 0.08% 0.4% 
Rogne et al. 1990 (Metal) 0.006% 0.06% 0.12% 0.6% 
Maxwell et al. 1976 (Metal) 0.03246% 0.3246% 0.6452% 3.246% 
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One explicit value needs to be pointed out. Most instrument polarization 

requirements are based on the Polarization analysis conducted by Gordon (Gordon 1988). 

The results in Table 3-1 indicate that a 0.02 Instrument Response produces an uncertainty 

of 1.8% using Gordon's own ocean/atmospheric modeling results. This apparent 

inconsistency is due to the fact that Gordon is determining the 0.02 requirement not based 

on the effect of radiometric uncertainty compared to a completely unpolarized target, but 

compared to a presumed atmosphere. In other words, the 0.02 comes from determining 

the uncertainty due to differences between a 70% and 90% relative humidity atmosphere, 

both of which are polarized. This difference in scene polarization is -0.2, instead of the 

0.9 used in Table 3-1. If 0.2 is used, the uncertainty for a 0.02 instrument response is 

0.4%, which is less than the 0.5% contribution budgeted in Ocean Color science 

algorithms. 

The results in Tables 3-1 and 3-2 presumed an unpolarized calibration target. 

Tables 3-3 through 3-6 cover the cases where the calibration target polarization is non

zero, discussed in Chapter 2. For the solar reflective scenes, these include a Calibration 

Target Polarization Factor of 0.006. corresponding to the McClain integrating sphere 

measurements (McClain et al. 1994), a Calibration Target Polarization Factor of 0.03, 

which corresponds to the Guzman measurements (Guzman et al. 1991) and a Calibration 

Target Polarization Factor of 0.05, corresponding to the MERIS measurements (Olij et al. 

1997). For the thermal infrared scenes, these include the worst case Calibration Target 

Polarization Factor from the Appendix A measurements of 0.038. The plots 

corresponding to the data in the table are given in Appendix B. In each of these cases. 
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the calibration target polarization phase has been taken as worst case—90 degrees out of 

phase with the instrument sensitivity axis and scene polarization phase. 

TABLE 3-3 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Integrating Sphere (PF(cal)=0.006) 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instilment Instrument 

Scene Response Response Response Response 
Aerosols 

Coulson 1974 0.071% 0.71% 0.14% 7.1% 
Takashima et al. 1974 0.061% 0.61% 0.12% 6.1% 
Sano et al. 1997 0.051% 0.51% 0.10% 5.1% 
Roger et al. 1994 0.041% 0.41% 0.81% 4.1% 
Stephens 1994 0.099% 0.99% 0.20% 9.9% 

Clouds 
Hansen and Cotfeen 1974 0.025% 0.25% 0.49% 2.5% 
Plass and Kattawar 1971 0.071% 0.71% 1.41% 7.1% 

Ocean/Water 
Gordon 1988 0.091% 0.91% 1.8% 9.1% 
Roger et al. 1994 0.018% 0.18% 3.5% 1.8% 
Veselovetal. 1985 0.095% 0.96% 1.91% 9.6% 

Snow/Ice 
Roger et al. 1994 0.0026% 0.026% 0.052% 0.26% 
Miller et al. 1994 0.031% 0.31% 0.61% 3.06% 

Grass/ForestA'egetation/Field 
Coulson 1974 (Grass) 0.031% 0.31% 0.61% 3.1% 
Coulson 1989 (Forest) 0.026% 0.26% 0.51% 2.6% 
Roger et al 1994 0.036% 0.36% 0.71% 3.6% 
Curran 1991 0.0086% 0.086% 0.17% 0.86% 
Breon et al. 1995 0.002% 0.02% 0.04% 0.2% 
Vanderbilt et al. 1985 0.031% 0.31% 0.61% 3.1% 
Veselov et al. 1985 0.028% 0.28% 0.55% 2.8% 

Leaves 
Savenkov and Marienko 0.031% 0.31% 0.61% 3.1% 

1995 0.0234% 0.234% 0.468% 2.34% 
Egan 1970 (Alfalfa) 0.0828% 0.828% 1.66% 8.28% 
Egan 1970 (Potato) 0.0775% 0.775% 1.55% 7.75% 
Egan 1970 (Com Leaves) 0.0231% 0.231% 0.462% 2.31% 
Egan 1970 (Com Tassels) 
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TABLE 3-3 Continued MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE 
TO POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Integrating Sphere (PF(cal)=0.006) 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Sand/Soil 

Roger et al. 1985 (Sand) 0.0038% 0.038% 0.076% 0.38% 
Coulson 1974 (Sand) 0.021% 0.21% 0.41% 2.1% 
Coulson 1974 (Red Clay) 0.071% 0.71% 0.14% 7.1% 
Coulson 1974 (Black Loam) 0.036% 0.36% 0.71% 3.6% 
Coulson 1974 (Yolo Loam) 0.011% 0.11% 0.21% 1.1% 
Egan 1970 (Wet Soil) 0.0574% 0.574% 1.15% 5.74% 
Egan 1970 (Dry Soil) 0.0204% 0.204% 0.408% 2.04% 
Egan 1989 (Volcanic Soil) 0.026% 0.26% 0.51% 2.6% 
Breon et al. 1995 (Bare Soil) 0.015% 0.15% 0.29% 1.5% 

TABLE 3-4 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Diffuser Panel (PF(cal)=0.03) 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instnmient Instrument Instrument Instrument 

Scene Response Response Response Response 
Aerosols 

Coulson 1974 0.073% 0.73% 1.5% 7.3% 
Takashima et al. 1974 0.063% 0.63% 1.3% 6.3% 
Sano et al. 1997 0.053% 0.53% 1.1% 5.3% 
Roger et al. 1994 0.043% 0.43% 0.86% 4.3% 
Stephens 1994 0.10% 1.0% 2.1% 10.0% 

Clouds 
Hansen and Coffeen 1974 0.027% 0.27% 0.54% 2.7% 
Plass and Kattawar 1971 0.073% 0.73% 1.5% 7.3% 

Ocean/Water 
Gordon 1988 0.093% 0.93% 1.9% 9.3% 
Roger et al. 1994 0.020% 0.20% 0.40% 2.0% 
VeselovetaL 1985 0.098% 0.98% 2.0% 9.8% 
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TABLE 3-4 Continued MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE 
TO POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Diffuser Panel (PF(cal)=0.03) 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instmment Instrument Instrimient 

Scene Response Response Response Response 
Snow/Ice 

Roger etal. 1994 0.0050% 0.050% 0.1% 0.50% 
Miller et al. 1994 0.033% 0.33% 0.66% 3.3% 

Grass/Forest/Vegetation/Field 
Coulson 1974 (Grass) 0.033% 0.33% 0.66% 3.3% 
Coulson 1989 (Forest) 0.028% 0.28% 0.56% 2.8% 
Roger et al 1994 0.038% 0.38% 0.76% 3.8% 
Curran 1991 0.011% 0.11% 0.22% 1.1% 
Breon et al. 1995 0.0044% 0.044% 0.088% 0.44% 
Vanderbilt et al. 1985 0.033% 0.33% 0.66% 3.3% 
Veselovetal. 1985 0.030% 0.30% 0.60% 3.0% 

Leaves 
Savenkov and Marienko 1995 0.033% 0.33% 0.66% 3.3% 
Egan 1970 (Alfalfa) 0.0258% 0.258% 0.516% 2.59% 
Egan 1970 (Potato) 0.0852% 0.852% 1.71% 8.55% 
Egan 1970 (Com Leaves) 0.0799% 0.799% 1.60% 8.01% 
Egan 1970 (Com Tassels) 0.0255% 0.255% 0.510% 2.56% 

Sand/Soil 
Roger etal. 1985 (Sand) 0.0062% 0.062% 0.12% 0.62% 
Coulson 1974 (Sand) 0.023% 0.23% 0.46% 2.3% 
Coulson 1974 (Red Clay) 0.073% 0.73% 1.5% 7.3% 
Coulson 1974 (Black Loam) 0.038% 0.38% 0.76% 3.8% 
Coulson 1974 (Yolo Loam) 0.013% 0.13% 0.26% 1.3% 
Egan 1970 (Wet Soil) 0.0598% 0.598% 1.20% 6.00% 
Egan 1970 (Dry Soil) 0.0228% 0.228% 0.456% 2.29% 
Egan 1989 (Volcanic Soil) 0.028% 0.28% 0.56% 2.8% 
Breon et al. 1995 (Bare Soil) 0.017% 0.17% 0.34% 1.7% 
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TABLE 3-5 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Diffuser Panel (PF(caI)=0.05 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instnunent Instrument Instrument Instrument 

Scene Response Response Response Response 
Aerosols 

Coulson 1974 0.075% 0.75% 1.5% 7.5% 
Takashima et al. 1974 0.065% 0.65% 1.3% 6.5% 
Sane et al. 1997 0.055% 0.55% 1.1% 5.5% 
Roger et al. 1994 0.045% 0.45% 0.9% 4.5% 
Stephens 1994 0.11% 1.1% 2.1% 11% 

Clouds 
Hansen and Coffeen 1974 0.029% 0.29% 0.58% 0.29% 
Plass and Kattawar 1971 0.075% 0.75% 1.5% 0.75% 

Ocean/Water 
Gordon 1988 0.095% 0.95% 1.9% 9.5% 
Roger etal. 1994 0.022% 0.22% 0.44% 2.2% 
Veselov et al. 1985 0.10% 1.0% 2.0% 10.0% 

Snow/Ice 
Roger et al. 1994 0.007% 0.07% 0.14% 0.7% 
Miller et al. 1994 0.035% 0.35% 0.70% 3.5% 

Grass/ForestA' egetation/Field 
Coulson 1974 (Grass) 0.035% 0.35% 0.70% 3.5% 
Coulson 1989 (Forest) 0.030% 0.30% 0.60% 3.0% 
Roger et al 1994 0.040% 0.40% 0.80% 4.0% 
Curran 1991 0.013% 0.13% 0.26% 1.3% 
Breon et al. 1995 0.0064% 0.064% 0.13% 0.64% 
Vanderbilt et al. 1985 0.035% 0.35% 0.70% 3.5% 
Veselov etal. 1985 0.032% 0.32% 0.64% 3.2% 

Leaves 
Savenkov and Marienko 1995 0.035% 0.35% 0.70% 3.5% 
Egan 1970 (Alfalfa) 0.0278% 0.278% 0.557% 2.79% 
Egan 1970 (Potato) 0.0872% 0.872% 1.75% 8.76% 
Egan 1970 (Com Leaves) 0.0819% 0.819% 1.64% 8.23% 
Egan 1970 (Com Tassels) 0.028% 0.28% 0.55% 2.8% 
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TABLE 3-5 Continued MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE 
TO POLARIZATION FOR SELECT SOLAR REFLECTIVE SCENES 

Polarized Diffliser Panel (PF(cal)=0.05 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Sand/Soil 

Roger et al. 1985 (Sand) 0.0082% 0.082% 0.16% 0.82% 
Coulson 1974 (Sand) 0.025% 0.25% 0.50% 2.5% 
Coulson 1974 (Red Clay) 0.075% 0.75% 1.5% 7.5% 
Coulson 1974 (Black Loam) 0.040% 0.40% 0.80% 4.0% 
Coulson 1974 (Yolo Loam) 0.015% 0.15% 0.30% 1.5% 
Egan 1970 (Wet Soil) 0.0618% 0.618% 1.24% 6.21% 
Egan 1970 (Dry Soil) 0.0248% 0.248% 0.496% 2.49% 
Egan 1989 (Volcanic Soil) 0.030% 0.30% 0.60% 3.0% 
Breon et al. 1995 (Bare Soil) 0.019% 0.19% 0.38% 1.9% 

3.4 Summary of Thresholds otTnterest 

Ultimately, the Normalized Polarization Response can be used to calculate the 

radiometric uncertainty for any scene, calibration target and instrument. However, one 

advantage of the calculations conducted in the previous section is that they help identify 

when the effects of polarization are large enough to warrant consideration and when they 

can be neglected. These thresholds can guide the calibration scientist in determining 

which parameters must be addressed as well. For the discussion in this section, it is 

presumed that the threshold of interest is where the radiometric uncertainty contribution 

from polarization is greater than -0.1% to 0.5%. 

As noted several times, the dominant contributor to radiometric uncertainty is the 

instrument polarization response Roi oo or /?02 oo • As demonstrated in Figures 3-2 through 
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TABLE 3-6 MAGNITUDE OF RADIOMETRIC UNCERTAINTY DUE TO 
POLARIZATION FOR SELECT THERMAL EMISSIVE SCENES 

Polarized Blackbody (PF(cal)=0.038) 
Radiometric Uncertainty 

0.001 0.01 0.02 0.1 
Instrument Instrument Instrument Instrument 

Scene Response Response Response Response 
Ocean/Water 

Gregoris et al. 1992 (MWIR) 0.040% 0.40% 0.80% 4.0% 
Gregoris et al. 1992 (LWIR) 0.0054% 0.054% 0.11% 5.4% 
Ben-Shalom et al. 1991 0.008% 0.08% 0.16% 0.8% 
Egan and Hilgeman. 1977 0.05% 0.5% 1.0% 5% 
Cooper etal. 1996 0.03% 0.3% 0.6% 3% 
Shaw et al. 1999 (MWIR) 0.01% 0.1% 0.2% 1% 
Shaw et al. 1999 (LWIR) 0.0080% 0.080% 0.16% 0.8% 

Sand/Rock 
Johnson et al. 1994 (Sand) 0.0052% 0.052% 0.10% 0.52% 
Maxwell et al. 1976 

(Sand Beach) 0.0056% 0.056% 0.11% 0.56% 
(Wet Sand) 0.00588% 0.0588% 0.118% 0.590% 
(Granite Rock) 0.00579% 0.0579% 0.116% 0.581% 

Cirrus Clouds 
Hall 1968 0.008% 0.08% 0.2% 0.8% 

Vegetation 
Rogne et al. 1990 0.004% 0.04% 0.08% 0.4% 

Asphalt/Metal 
Rogne et al. 1990 (Asphalt) 0.008% 0.08% 0.2% 0.8% 
Rogne et al. 1990 (Metal) 0.01% 0.1% 0.2% 0.01% 
Maxwell et al. 1976 (Metal) 0.036% 0.36% 0.73% 0.36% 

3-5 and the corresponding plots in Appendix B, the magnitude of the uncertainty and 

sensitivity (slope of the line) is essentially linearly proportional to the instrument 

polarization response. As seen in Section 3.3.2, sensitivities greater than 0.01 in the solar 

reflective bands may contribute a significant uncertainty for a wide variety of scenes. 

The threshold of interest appears to be about 0.005. For the thermal emissive bands. 
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polarization sensitivities of up to 0.1 do not introduce much uncertainty except for water 

and manmade scenes. For those scenes, the threshold of interest is closer to 0.005. 

However, the polarization from water is highly view angle dependent (Shaw et al. 1999), 

and so the threshold of interest will be dependent on the sensor viewing geometry. 

Typical calibration targets do not contribute strongly to the radiometric 

uncertainty, as seen in Tables 3-3 through 3-6. While polarization should not be ignored 

in the design of blackbodies or the alignment of difiliser panels, the effects will not be 

significant for reasonable designs if the instrument sensitivity is low. The threshold of 

interest is in the 0.1 range. It should be noted that bare bulbs were not examined in this 

chapter, however their potentially high polarization (0.2 to 0.95, see Chapter 2), gives an 

additional reason besides the uniformity of the emitted radiance for using them sparingly. 

The phase of either the scene or the calibration target can introduce an increase in 

any given uncertainty by about a tactor of 2. This effect is largest when the calibration 

target polarization is 90 degrees out of phase with the instrument sensitivity axis. This 

phase can generally be controlled in the instrument design by controlling the alignment of 

the target with the instrument. This should be done any time the instrument sensitivity or 

calibration target polarization factor are beyond their threshold of interest. 

Finally, as noted in the initial derivation of the normalized polarization response, 

if the calibration target and scene have the same polarization, the radiometric uncertainty 

due to polarization drops to zero. Since the Earth scene polarization is variable, the 

experimenter is unlikely to encounter this condition on orbit, but it could provide a good 
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check in the laboratory, where a polarized calibration target could be introduced to check 

the radiometry from a possibly polarized scene target. 

Thus, this chapter has derived a method for determining the radiometric 

uncertainty introduced during the application of the calibration coefHcients due to 

polarization. Examining the boimdary cases and using data from the literature 

demonstrates patterns in the uncertainties—that the sensitivity is determined largely by 

the instrument polarization response, the cosine effect of the polarization phase is 

strongly dependent on the magnitude of the instnmient response and the scene (or target) 

polarization tactor. These patterns indicate that beyond some thresholds, the polarization 

should be included in the radiometric uncertainty in order to obtain accurately calibrated 

Earth scenes. 
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THE INTERACTION BETWEEN POLARIZATION AND RESPONSE VS. SCAN 

ANGLE 

CHAPTER 4 

While Chapter 3 established the way polarization can directly affect the 

radiometric uncertainty of a sensor through the way its calibration coefficients are 

calculated and applied, there are indirect ways that polarization can affect calibration. 

Most of these arise in instrument designs other than radiometers, such as interference 

effects in spectrometers and mode scrambling in fiber optic instruments. However, one 

common mechanism for polarization to affect the calibration in radiometers is through 

the response vs. scan angle. For those imaging radiometers that are scanning instruments, 

the calibration must account for the variation in response as a function of scan angle. 

Examples of these variations can be seen in Figures 4-1 and 4-2. 

Figure 4-1. from Weinreb (Weinreb et al. 1997), shows the results of scanning the 

GOES-8 imager across deep space at 10.7 |im (ch4) and 12 ^m (ch5). Instead of a flat 

response, a significant slope was observed (the lines labeled "before"), due to variations 

in the instrument's scan mirror emission as a function of scan angle. Without correction, 

the induced error corresponded to an artificial temperature difference of approximately 

150 K in the space views and radiometric errors as large as several Kelvin in Earth 

observations. Given the GOES calibration objective of +/- IK (Hurson and Ross, 1996). 

the GOES team was required to implement a post-launch data correction (the lines 

labeled "'after") to account for the response vs. scan angle effect. 
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Figure 4-1. GOES-8 Radiances when viewing space vs. scan angle before and after 
correction. 

Figure 4-2 shows the results of MODIS pre-launch characterization 

measurements (Barnes et al. 1998), this time for bands in the Visible and Near Infrared 

portions of the spectrum. As can be seen, the variation can be as much as 1-4%, where 

the calibration requirements are 2% and 5% total uncertainty for reflectance and radiance 

respectively. Clearly then, this response vs. scan angle (RVS) variation must be 

determined and accounted for in the calibration algorithms. 

This RVS response can be due to several mechanisms. The effects of 

obscurations and vignetting can generally be removed or minimized through good optical 

design. Variations due to changes in the size of the optical footprint on the scan mirror 

can similarly be minimized with imiformly coated mirrors. This ensures that the 

reflectance is the same regardless of the area of the footprint. 
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Figure 4-2. Measured Response vs. Scan Angle for three MODIS Bands (8, 12, and 
19. from top to bottom). The data are normalized to the angle of incidence of the MODIS 

Space View. The error bars indicate the measurement noise. Note that a second set of 
measurements were taken several hours later at -54.5 degrees. -23 degrees, and +54.5 

degrees, giving some indication of repeatability. 

One mechanism that cannot be easily removed is changes in the mirror's surface 

reflectance as a function of angle of incidence. Figures 4-3 and 4-4 show this variation 

for silver and gold mirrors at two selected wavelengths. Figure 4-5 presents the response 

vs. scan angle variations for a SiOx coated silver mirror, which in this case are 

measurements of the MODIS scan mirror witness samples. For the MODIS Scan Mirror, 

the SiOx absorption feature at 8.5 i^m is clearly visible in the P polarized reflectance, as 

well as a roll off above 12 jam. that leads to a 10% change in minor reflectance. 
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Figure 4-3. P polarized reflectance (lower trace, dotted line) and S polarized reflectance 
(upper trace, solid line) for a silver mirror with no coating at 600 nm. 
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Figure 4-4. P polarized reflectance (lower trace, dotted line) and S polarized reflectance 
(upper trace, solid line) for a gold mirror with no coating at 8 |im. 
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Figure 4-5a. P Polarized Reflectance of a MODIS Scan Mirror Witness sample as a 
function of wavelength and angle of incidence (lower angles towards the bottom) 
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Figure 4-5b. S Polarized Reflectance of a MODIS Scan Mirror Witness sample as a 
ftinction of wavelength and angle of incidence. 

As can be seen, the variation in average retlectance is due to the change in reflectance for 

one polarization. This is expected from the basic laws of electrodynamics (Bom and 
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Wolf, 1980). The exact amount of the change in reflectance will depend on the mirror 

material and the mirror coating layers, if a coating is used. 

For scanners that maintain a constant angle of incidence on the scan mirror like 

AVHRR (Pease 1994) there may still be a response vs. scan angle effect due to the 

variation in the phase of the polarization leaving the mirror. If the fixed afl optics have 

any polarization sensitivity, this variation in polarization phase angle may result in a 

change in instrument response. This is explored further in Section 4.1. In addition, for 

imaging radiometers operating in the thermal infrared region (> 3 |im), the response vs. 

scan angle is further complicated by the fact that the mirror emission is also varying as a 

function of angle of incidence. As discussed in Chapter 2, if scattered light can be 

neglected and the mirror is approximately at local thermal equilibrium, then Kirchhoff s 

Law may be used to relate the reflectance and emittance of the mirror. This use of 

Kirchhoff s Law has been presumed in the thermal calibration of GOES (Weinreb et aL 

1997) and MODIS (Guenther et al. 1998). 

Unfortunately, system level response vs. scan angle measurements are costly and are 

difficult to do post-launch. It would be valuable to establish the threshold at which a 

measurement of the scan mirror alone would be sufficient. Section 4-3 addresses the 

sensitivity of RVS to aft optics polarization. Some methods for post-launch 

measurements are discussed in Section 4-4. This chapter defines the relationship 

between RVS and polarization and discusses the regime for which such a system level 

measurement would be needed. 
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4.1 Mathematical Relationship Between Calibration, Response vs. Scan Angle, and 

Polarization 

RVS can be related to the calibration through a variety of ways. GOES applies a 

correction after the gain and otfset coefficients have been calculated (Weinreb 1996). 

This correction accounts for the emission and reflectance of the scan mirror and the RVS 

is determined by empirically fitting the space data in Figure 4-1 to a quadratic 

polynomial. MODIS mathematically defines RVS, following the calibration approach 

given by Guenther et al. (Guenther et al. 1998). In it, the calibration coefficients are 

determined for the difference in radiance paths between the Earth Scene and the Space 

View (cold target with zero radiance). This explicitly separates the effects of the mirror 

(and hence the scan angle) from the response of the aft optics. It also incorporates the 

offset correction into the algorithm before applying calibration coefficients (by 

subtracting the digital offset and calculating coefficients for the net signal). 

Mathematically, 

^ ~ ^Earth _ .Seme Path ~ ^Space _ liw _ falh ~ ̂ 0 'dfl + a^ ' dfl (4- 1 ) 

where aQ.a^,a^^sQ the empirically determined calibration coefficients and dn is the net 

signal (offset has been subtracted) in counts. For the rotating scan mirror, the net 

difference in radiance paths is 

ed.^p(e,,)L,,+s(e,MTj-e(e,,WJ 

= pfe Kb + Mr )- p{e^s W„) 
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where p and e are the reflectance and emissivity of the scan mirror at either the Earth 

Scene (ES) or Space View (SV) angles, LES is the Earth Scene radiance at the instrument 

aperture, and L(Tsm) is the blackbody radiance of the scan mirror at temperature Tsn,. 

Note that for bands in the solar reflectance region, the emission of the scan mirror can be 

taken to be zero, significantly simplifying this entire approach. To get the RVS. the 

reflectance terms in (4-2) need to be normalized by dividing them by the reflectance at 

the angle used when determining the empirical calibration coefficients in (4-1). 

= Thus-

AL = R VS(0,:, )iJ, + R VS(e,, )L(T„)- R )L{T„ ) (4-3) 

This RVS term can be determined experimentally in the laboratory by measuring the 

instrument's response to a constant target as a function of scan angle and then 

normalizing appropriately. 

To determine the relationship between the RVS and polarization, it is convenient 

to work with the signal "at" the detector, where the linear relationship between the input 

radiance and the signal is preserved. This is reasonable because optics for remote sensing 

instruments are linear, with non-linearities being introduced by the detector and 

electronics. This is mathematically convenient because it allows equation (4-1) to be 

treated as 

= CA5 
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where AS is the net signal "at" the detector and C is a constant. Note that the reason for 

the proportional symbol in equation (4-4) is that ai is a system level calibration 

coefficient, while C only accounts for the optical elements. 

The instrument is then modeled using Mueller matrices. If one defines S to be the 

scalar equivalent to the radiance "at" the detector, then 

Where [D] is the detector vector. [£>0 0 O]. which serves as a way to integrate over 

all polarizations and get only the total signal. The term [A] is the Mueller matrix for the 

aft optics, [M] is the Mueller matrix for the scan mirror which contains the instrument's 

scan angle dependence, and [L] is the Stokes vector of the radiance at the instrument's 

aperture. Applying this formalism to the radiance paths from the Earth Scene and the 

Space View, one gets 

AS = SI:F J, 

= {D\A\M(p(e, , -  )) \LI.,\*[D\A\M ))Ii(r.)]- ))Ii(r.)] 

S = [DlAlU\L\ (4-5) 

(4-6) 

4.1.1 Unpolarized Scenes 

For an unpolarized scene, L can be taken as 

1 = 

L 

0 

0 

0 

(4-7) 

Carrying out the matrix multiplication, one gets 
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AS = D L^- {A^M^ {p(0^))+ {pid^ )) + A^M^ (p{e^ ))+ ip{e^,))} 

D L(T ) A^MM^sr))+ 1 
1- A^M^ ip{e^)) - A,,M,, ifi{0^ ))- A^M^ (p{e^ ))- A^M^ {p{d^ ))J 

(4-8) 

We can use equation (4-4) to relate equation (4-8) and equation (4-3). resulting in 

« W(«)=^ M»)) + ••"oi-W;. (pie)) * M„ w«))} 

(4-9) 

For a plane mirror, circular diattentuation can generally be neglected. This allows the 

Mueller matrix for the mirror to be that of a combined linear diattenuator and retarder 

with arbitrary orientation (j). This matrix is (Chipman, 1995b): 

q-^r (</- r)cosU(i) (?-r)an(2(») 0 ] 
( , 11 (</-'•)cos(2^) (9-I-r)cos-'(2^)+2^ijrcosrfsin-(2^1 (9 ^ r - 2^(/''cosd')L-os(2^)an(2rf) - 2y<jran<)"an(2^)| 

2: (1/-'•)sin(2^) (1/* r - 2y^rcoS(>")cos(2<l)sin(2#) + r|sin"(2^)f 2^ijrcost>'cos'(24i) 2^.(7rsin<)'cos(2<t| | 

0 2yijranrfsin(2^) - l^qrsin Scos[2^) 2y<jrcosi) J 

(4-10) 

where q and r are the reflectances along the two polarization axes of the mirror and 5 is 

the retardance. Plugging this into (4-9) we get 

U(^)-A-(^))-co3(24<9)) ^ ^ U(^)-/^''(^)) s'n(2<^^))j 

(4-11) 

where ps and pp now are the reflectances of the scan mirror for the s and p polarizations, 

and ^ is the angle of rotation between the scan mirror coordinate system (which defines 

the s and p directions) and the aft optics coordinate system. For a paddlewheel scarmer, (j) 

will be constant for all scan angles 0. For a barrel roll scanner with constant Angle of 

Incidence, ps and pp will be constant for all scan angles, but i|) will vary. 
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Equation (4-11) does relate instrument RVS to its polarization, in terms of the aft 

optics Mueller matrix elements and the polarized reflectance of the scan mirror. The 

latter can be easily determined from measurements of the scan mirror or scan mirror 

witness samples. To determine the aft optics polarization from the RVS, we must take 

measurements at three scan angles (0i,0:, and 83) and invert equation (4-11). After 

performing the necessary algebra, the aft optics Mueller matrix elements are: 

CDRl'S(e ,)-y,\-z,A^_ 

^ X, 

{x,RVS{e ,)-x,RVS{9,)\x,2,-x,2,)-{x,RVS{9,)-x,RVS{0,)\x,z, -x,z,) 

(4-13) 

•^02 ~ ' 

where 

(4-14) 

^ {Psi^.hppj^.)) (4.15) 

y - (^,)-Pi-))cos(2<:>(g,)) 

(4.17) 

for i=l, 2 or 3. Note that while this is the generic case, it breaks down when some 

symmetries are introduced (the problem becomes overdetermined). In the event that the 

angle (j) is fixed for all scan angles, which is the case for a paddlewheel scanner, then 
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/Ifl, = CD • 
{x,RVS{9.)-x.RVSje,))  

Uv; 
(4-18) 

and 

^2 =CD-
{x,RVS{0,)-x,RVS{9,)) 

{x,z,-x,z,) 
(4-19) 

Note that these are further restricted, for if r, = 0 for ail i. then Ao: is undefined and if 

>-, = 0 for all i, then Aoi is undefined. The fact that the terms are undefined is not 

inherently a problem, because the Mueller matrix element for the entire instrument (scan 

mirror plus aft optics) is zero. In essence, the rotation between the mirror axes and the aft 

optics axes has been set such that the appropriate element in equation (4-10) drops out. 

In the event that y, = z, =0 for all i, both Aoi and A02 are undefined and equation (4-12) 

continues to hold. This can be interpreted as the case where the scan mirror does not 

have differences in reflectance between polarization states, and the RVS is therefore also 

independent of polarization. 

For constant angle of incidence scanners, the simplification is not as clean. The 

magnitude of the reflectance does not vary with scan angle, just the angle (j) does, and so 

the X terms are constant but the y and z terms are not. The equivalent equations to (4-18) 

and (4-19) are 
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(/?F5(^,)-/?r5(g,)X--3 -z,)-{RVS{e ,)-RVS{d,)\z, -.-,) 

(-3 - -1 )CV: - y,) - , X>'3 - -Vi) 

{RVS{9,)z,-RVS[9,)z,)+{RVS{e ,)z, - RVS{9,)z,)^[RVS{e,)2, - RVS{e,)z,) 

sin(2(<z)(^3) - <f{e,)))+sin(2((^^.) - )))+sin{2(<!>(0,) - ))) 

(4-20) 

-y,)-{RVS{e,)-RVS[9,)h,  
A^2 =CD-

= CD-

(-3 '-^h2- >'i)-(':- -1 h:, - V,) 

{R VS{9, )y, - R VSje, )y,)+{R VS{9, )>'3 - R VS{9, )y,) + {R VS(9, }y, - R l^S(9,) v,) 

sin{2(<^03) - ̂9,))) + sin(2(<^(0,) - ̂9,)))+ sin(2(<^(0,) - (/>{0,))) 

(4-21) 

where the second version in each equation uses the trigonometric formulas for sines and 

cosines of sums. 

Note that the scaling coefficients C and D have been carried throughout. In the 

calibration process . these would be normalized out. Here, they will drop out in the 

calculation of the Polarization Factors. 

The Mueller matrix elements, or the ratio of Mueller matrix elements (Aoi/.^oo or 

Ao2/'Aoo) are what is ideally required to assess the impact of polarization on the remote 

sensing data from the instrument (see Chapter 3). However, instrument polarization 

response is often specified (and measured pre-launch) as a Polarization Factor 

Pf _ ^max ~ •^min (4-22) 
•^max ^min 

where I is the measured instrument response. This, of course, is incomplete, since it does 

not give one either the orientatioo, i.e., the phase, of the maximum response. To relate 
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equation (4-22) to equations (4-11) through (4-19), one must begin with a 100% 

polarized radiance, as would be used in the laboratory 

^ pol 

"pol 

Lpai cos{2if/) 

Lpai sin(2^^^) 

0 

(4-23) 

where y/ is the phase angle. Propagating this through the system, the equivalent of 

equation (4-8) becomes 

IM= 
•"^00 '  ^00 •^01 ^[0 ^02 ^20 

"*• (•'^00 ' ̂ Q: '"^01 ' •'^•^11 ^02 '  ̂ 2\ *"^03 ' *^31 )cos(2^i/) 

("^00 " ^02 ^ 12 -^02 * 22 *'^93 ' 31 }sin(2(^^) 

(4-24) 

Since equation (4-22) does not tell us what phase to use, we wll carry it along 

temporarily. One can take advantage of the fact that Imax(M^) and Imin(M/) will be 90 

degrees out of phase when putting equation (4-24) into (4-22) to get 

(4X1' I -'LIA • M L) 

(4-25) 

where vj/max indicates that the phase is that of the maximum signal. 

4.1.2 Polarized Scenes 

The best way to handle polarized scenes is to use the RVS for the unpolarized 

scenes derived above and then use the Normalized Polarization Response from Chapter 3 

to account for the polarization. One would need to compute the Normalized Polarization 
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Response at each scan angle and the radiometric uncertainty would vary with scan angle. 

Since the scenes are likely to have their polarization also vary with scan angle (i.e., as the 

look angles and illumination angles vary), this effort should be done anyway. 

However, if one insisted on computing the RVS for polarized scenes, it could be 

done. The equivalent of equation (4-3) would become 

AL = J, 

+(R ra. fe.)-RVS, )K (r„)+(r ra, (a,,.)- « ra, ))i, (t,. ) (4-26) 

+ {R W, fc,)- A FS, ))i, {Tj*{RVS, fe,)- R IS, ))L, {T,. ) 

where L ^. is the nth element in the Stokes Vector. As one can immediately see, one 

cannot complete the calibration (and determine the scene radiance without 

knowing the second, third, and fourth elements of the scene Stokes Vector, which are 

theoretically unknown since the scene is yet to be measured. Nonetheless, following the 

approach in Section 4.1.1, the equivalent of (4-9) is 

« W v ( « ) = A , w,,w«))+ (p{e)h («7) 

where N=0.1, 2, or 3. Since the All Optics Polarization terms are the same in each RVS 

equation, one would only need to invert one of the RVS equations to solve for them. 

Since the unpclarized RVS is going to be the easiest to determine, one would use 

equations (4-12) through (4-21) as previously derived. One could invert (4-27) and use 

the values for M from (4-10) to determine the Aft Optics terms if the polarized RVS 

(N=l. 2, or 3) was known but the total RVS (response to all radiance, N=0) was not 

known. Measuring the polarized RVS is significantly harder than the total RVS as the 

scene must be consistently polarized in both amplitude and phase for at least four. 
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preferably widely spaced, scan angles. The algebra to invert and solve for the aft optics 

terms is straightforward albeit messy and since it illuminates no new physics, is not 

included here. 

4.2 Comparison of RVS Model with Pre-Launch Data 

To validate these equations, I have examined the MODIS pre-launch 

characterization data. Assisting me in reducing the polarization data was Cindy Merrow, 

then of RDC, and in reducing the RVS data was Chad Salo of RDC, both of whom 

implemented the reduction techniques and algorithms I identified. As part of its testing, 

the MODIS manufacturer, Raytheon Santa Barbara Remote Sensing, measured the 

system level RVS and Polarization Sensitivity of the MODIS bands between 400 and 

1000 nm. In addition. Goddard Space Flight Center arranged for measurements of the 

MODIS scan mirror witness samples over these same wavelengths with Nigel Fox of the 

United Kingdom's National Physical Laboratory. These measurements give sufficient 

data to check the equations. 

A sample of the system level RVS measurements is given in Figure 4-2. These 

measurements were taken in an ambient environment with the MODIS on a rotation 

table. A 100 cm aperture spherical integrating source (SIS) was used as the source. The 

MODIS collected several scans of data across the sphere's aperture for each scan angle. 

The error bars in Figure 4-2 are the standard deviation of these measurements. After the 

first set of scan angles had been measured, repeat measurements were made at -54.5 

degrees, -23 degrees, and +54.5 degrees. These indicate that the total uncertainty may be 

a factor of two or so greater than the noise. 
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The system level polarization sensitivity was similarly measured in an ambient 

environment for several scan angles. Young et al. (Young et al. 1998) describes details 

of these measurements and data reduction. Essentially the measurement used a rotating 

polarization source to provide 100% polarized light at a variety of phase and scan angles 

for MODIS to detect. A 4-theta variation was observed in the data, due to the presence of 

retroreflections between the polarizer and MODIS. so Jim Young and I modified the 

Fourier filtering approach first used by SeaWiFS (Barnes et al. 1994). Figure 4-6 gives an 

example of the Polarization Factor and Phase for three of the MODIS Bands after this 

filtering has been applied. 

The reflectance of the MODIS scan mirror witness samples was measured for 

both polarizations (ps and pp) for 7 different angles of incidence. For MODIS. scan 

angle (SA) is related to Angle of Incidence (AOI) by SA = 2* (AO/ -38) with both 

angles in units of degrees. Figure 4-7 gives the measured reflectances for 3 of the 7 

measured angles of incidence. Note the crossing of polarization at 850 nm, which is 

characteristic of SiOx coated silver. 
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Figure 4-6a. Measured Polarization Factor vs. Scan Angle for three MODIS Bands. 
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Figure 4-6b. Measured Polarization Phase vs. Scan Angle for three MODIS Bands. 
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Figure 4-7. Measurements of the Reflectance of a MODIS Scan Mirror Witness Sample. 

Before comparing the RVS and Polarization data sets, we can simplify equation (4-25), 

given our additional knowledge about MODIS. Specifically, we know that the scan 

mirror is aligned to the aft optics using the same coordinate system, so (j)(0)=O and 

therefore Mo2=M2o=M2i=Mi2=M3i=0 and Mi i=Moo. From this, using the definitions in 

equations (4-15) and (4-16), we get: 

y(i9)-Aoo +x(0)4 
PF(0) = 

x(&)-+ }'(0)-
(4-28) 

Figures 4-8 compares the Polarization Factor calculated from the RVS with the meastired 

results for Bands 8, 12, and 19. Other MODIS bands produced comparable results but 
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Figure 4-8a. Predicted vs. Measured Polarization Factor for Band 8 (412 nm). 
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Figure 4-8b. Predicted vs. Measured Polarization Factor for Band 12 (551 nm). 
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Figure 4-8c. Predicted vs. Measured Polarization Factor for Band 19 (940 nm). 
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Figure 4-9a. Predicted RVS vs. actual RVS for Band 8 (412 nm). with scan mirror 
reflectance included for reference. 
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Figure 4-9c. Predicted RVS vs. actual RVS for Band 19 (940 nm). with scan mirror 
reflectance included for reference. The increased reflectance at -22 degrees in the mirror 

data is unexplained. 
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are not included as they reveal no new conclusions. In addition, we note that equation (4-

28) can be easily inverted to calculate the ratio Aoi/Aoo, which can in turn be used to 

calculate the RVS using equation (4-11). The results of doing this calculation are given 

in Figures 4-9a through 4-9c. 

As can be seen, the model breaks down when calculating polarization from RVS. 

While the data in Figure 4-8a do agree, the uncertainties in the calculated results are 

much too large to be meaningful. Furthermore, in Figures 4-8b and 4-8c, the calculated 

Polarization Factors are either 1 or greater than 1 when they do not agree with the data, 

which is not physical. 

These problems are not due to the uncertainties in the input data. While the RVS 

data uncertainties are suspect, these data are quite good—uncertainties in reflectance of 

0.001 to 0.002 are state of the art for component measiu-ements. much less for instrument 

system level measurements. The RVS uncertainties were calculated without curve 

fitting the RVS data, which may result in some improvement. In addition, all 

uncertainties in the input mirror and RVS data were assumed to be Gaussian and 

independent, and correlations could reduce the errors even further. However, it is 

unlikely that one would be able to reduce the uncertainties far enough with better 

measurement techniques or statistical methods. 

The fundamental problem is that the model is too sensitive to perturbations in the 

RVS data. We note that the polarization difference, y„ is small compared to the average 

reflectance Xj for the given mirror. So, taking the ratio y, /.r, « 0 and plugging the 

definitions of .4^ and into equation 4-28, one gets 
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X, •Rvs[e .)-x.-Rvs{e,) 
(4-29) 

y.-RVS{e , ) - y ^ - R V S {e.) 

As one can see, the Polarization Factor is dependent on the differences between two 

numbers (the RVS terms) that are very close to each other. Since y is very small this is 

particularly acute in the denominator, which is leading to the non-physical results in 

Figures 4-8b and 4-8c. Both the size of the error bars and the non-physical results come 

as a result of this instability in calculating polarization from RVS. 

However, examining Figures 4-9a through 4-9c shows good results when the 

equations are used to determine the RVS from the polarization. The calculated RVS 

values agree well with the measured data and the uncertainties are reasonable. As an 

additional conclusion, one can see that the aft optics polarization is not large enough to 

introduce a significant effect. In superimposing the average reflectance of the scan 

mirror, we can see that the mirror data alone is sufficient to characterize the RVS. The 

next section will discuss the sensitivity to the aft optics polarization and identify potential 

thresholds for when the average mirror reflectance will be sufficient to describe the 

system level RVS and therefore when a system level measurement could be omitted. 

4.3 Sensitivity Analysis of RVS to Polarization 

As noted in the previous section, the instrument may be relatively insensitive to 

aft optics polarization. Then the scan mirror witness sample data will be sufficient to 

determine the RVS. Where the sensitivity threshold is will depend on the individual 

instrument design and the magnitude of the difference in polarized reflectances off the 

scan mirror (the y term in section 4.1). 
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For the MODIS paddlewheel scanner, the magnitude of the aft optics polarization 

(Aoi/Aoo) necessary to see a difference between the scan mirror reflectance and the 

system level RVS (s) has been calculated. Then, the data is normalized so that RVSi=xi 

and RVS2=X2+e. This allows 

.r, + V, (/to, / ) 
e = .r, - - •; - x, (4-30) 

-^1 "*• ,^'l ('^01 I •^oo ) 

0 02 

410 nmi 
550 nm 
940 nmi 

0.001 0.01 01 

Aft Optics Polanzaton (AOI/AOO) 

Figure 4-10. Sensitivity, defined as the difference between the system level RVS and the 
mirror measurements, for 3 MODIS bands in the visible and near infrared. 

This is plotted in Figure 4-10 for the three MODIS bands examined in Section 4.4. and in 

Figure 4-11 for three MODIS thermal bands (using the witness sample data in Figure 4-

5). 
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Figure 4-11. Sensitivity, defined as the difference between the system level RVS and the 
mirror measurements, for 3 MODIS bands in the thermal infrared. 

As can be seen, the visible and near-infrared bands are relatively insensitive to the aft 

optics polarization. The afl optics would be required to have a polarization factor greater 

than 0.1 in order for the difference between the RVS and mirror data to be greater than 

the measurement uncertainty of 0.002. Since MODIS was designed to minimize the 

polarization in these bands, the afl optics polarization is expected to be less than this— 

around 0.04. For these bands, therefore, the RVS could be approximated with the witness 

sample data. 

For the thermal infrared bands, the conclusion is much different. The three bands 

shown have been chosen at wavelengths where the reflectance differences are greatest. 

Here, a measurable difference between the RVS and scan mirror data would be observed 

for afl optics polarization factors greater than 0.02-0.03. Not only is this less than that of 

the visible and near-infrared bands, but since the MODIS afl. optics were not designed to 
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minimize polarization in the thermal infrared one would expect that the aft optics 

polarization will be much greater. Therefore, it will be necessary to establish the system 

level RVS independent of the scan mirror data. 

While this sensitivity analysis was done for a paddlewheel scanner (MODIS), 

equivalent sensitivities would exist for a constant angle of incidence scanner. Equation 

(4-11) was used as the starting point for the derivation of equation (4-30) with the 

simplification of setting the phase to zero. For a constant angle of incidence scanner, one 

would have the same equation as (4-30) if ^<,2 00 = 0 • one could not eliminate 

(by defining the coordinate systems appropriately), the sensitivity becomes a two variable 

problem, with 

•>^1+>'1(^01 ^1(^02 Ak) 

Since y and z are sinusoidal functions, the magnitude of the sensitivity will vary with 

scan angle. However, it will never be larger than when the mirror is aligned along the 

axis of maximum instrument polarization sensitivity, in which case y or z will be zero 

(and the other term will be its maximum). This indicates that the maximum sensitivity is 

equivalent to the maximum paddlewheel design sensitivity. 

It should be noted that this sensitivity analysis is independent of the scene and 

therefore the scene polarization. A similar sensitivity analysis could be performed for the 

polarized RVS described in section 4.1.2 if desired, and would result in similar results. 



107 

4.4 Post-Launch Determination of RVS and Polarization 

As the instrument degrades, the instrument's RVS and polarization sensitivity 

could change, particularly as the scan mirror reflectance changes due to contamination, 

pitting from micro meteorites, etc. Thus, it would be valuable to be able to update these 

characteristics for an instrument that has been on orbit for some time. As noted 

previously, one might be able to take advantage of highly polarized targets to determine 

the polarization response (Goloub et al. 1997). However, highly polarized, well 

characterized targets may not be available at the wavelength or spatial scale of interest. 

In particular, if one is attempting to use the instrument polarization response to correct 

for the polarization of the scene (Gordon et al. 1997), one cannot use that same scene to 

determine the polarization response. If the RVS was extremely well measured (~lOx 

better than the MODIS measurements in the previous section), it might also be possible 

to minimize the instabilities and to back out the polarization from RVS measurements. 

However, the conclusions of section 4.2 indicate that one would should really do a 

system level polarization measurement. 

The RVS can be determined post-laimch through three methods. The first of 

these is to find a spatially uniform scene and directly measure it. GOES (Weinreb et al. 

1997), VIRS (Barnes et al. 1999) and MODIS (Guenther et al. 1998) follow this 

approach, using deep space as the uniform scene. This measures the variation in mirror 

emissivity as a function of scan angle, which is then related back to the reflectance by 

using KirchhofFs Law. All of these approaches take advantage of the fact that the angle 

of incidence at which the instrument views the on-board blackbody is also in the Earth 
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view (the magnitude is the same, the sign is flipped). GOES views its blackbody at 45° 

and scans over the range of 40° to 50° and MODIS views its blackbody at 23° and scans 

over a range of 10° to 65°. The VIR5 calibration approach was to normalize to its Space 

View angle of 22.5° and the Earth view angle range was 22.5° to 67.5°. This gave a 

location in the scan that can be used as a reference point, since the calibration coefficients 

have been independently determined for that angle. The response along the rest of the 

scan is then normalized to this position. 

While this method has been successfully demonstrated (see Figure 4-1), one must 

be concerned about the low signal levels observed while viewing space. The Signal to 

Noise Ratio may be too low to acquire an accurate (better than 1%) RVS. This is because 

the dynamic range is usually set so that the signal from just the scan mirror is near the 

bottom of the range, and therefore it may be quantization (or other instrument noise) 

limited. For solar reflective bands, finding a sufficiently large uniform target will depend 

on the sensor's field of view, with candidates being deserts, ice sheets, and the tops of 

some cloud banks. These may not be available for all bands (where the signal is strongly 

dependent on the atmosphere), nor all swath widths (like the 2330 km swath width of 

MODIS). 

A second method would be to use a single target that can be viewed at multiple 

scan angles. The target must be stable so that the measurements at the different scan 

angles are comparable. One would use the different measurements to build up points for 

fitting an RVS. The data set would be more sparse than viewing a uniform source, and so 

one would probably rely on a predetermined fitting function—just adjusting it to fit the 
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new points. One would want scan angles that spanned the total range to minimize effects 

of extrapolation and one would have to resolve how to normalize the curve if the angle of 

the on-board calibrator did not fall into the data set. 

For geostationary orbits, the only viable target would be the moon, if it's visible 

off the limb of the Earth. One would then need to correct for phase and libration 

differences. By doing so. the observed irradiance can be kept constant to 0.1% (Godden 

and McKay 1997). As the moon is a polarized source (Bowell and Zellner 1974). one 

must also account for the difference between the RVS calculated from it and that from an 

unpolarized source. As discussed in section 4.1.2, this can be done by either adjusting 

the radiances to account for the polarization or using the polarized RVS terms. Given the 

radiance stability, once the phase and libration have been accounted for, the polarization 

should be similarly stable. Alternatively, one could independently determine the lunar 

polarization and radiance and use it as a second calibrated source to determine the 

instrument response. 

For polar orbiting satellites, the North and South Poles offer the best opportunity, 

given that they are observed repeatedly with relatively high frequency (on time scales of 

hours rather than days). Since polar orbits rarely fly directly over the rotational pole, 

each view of it will be at a different viewing angle, and by geometry, a different scan 

angle. If the poles are used, one must account for all changes in the scene between one 

viewing and the next. In addition, one must account for the differences in the viewing 

geometry that are independent of RVS. These include atmospheric path differences. 
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BRDF differences, solar zenith angle differences, topography, and differences in pixel 

size due to the bowtie effect. 

The third method would be to establish the RVS using statistical methods similar 

to histogram equalization. One would collect data over large areas (like an orbit or the 

entire Earth) for each scan angle and detector and form a histogram. The resulting RVS 

could then be extracted from looking at the mean signal in each histogram for each scan 

angle. The philosophy is that over a large enough data set. each scan angle will see the 

equivalent distribution of Earth scene radiances. Any bias in the mean would be due to 

instrument effects. 

In doing so, effects like those described for viewing the poles may still need to be 

accounted for. However, some effects like atmospheric path length and atmospheric 

polarization effects could be minimized by using the RVS at paired scan angles, like +45 

degrees and -45 degrees. These have the same geometrical viewing conditions and so 

differences between them would be due to the instrument and illimiination differences. 

For sun-synchronous orbits, the dominant error source is likely to be solar zenith angle, 

as it will consistently be different for different scan angles. This variation will have to be 

calculated for the given orbit and corrected for prior to fitting the response vs. scan angle. 

The exact method chosen would depend upon the particular sensor design and 

operation. However, given the multiple approaches, measuring the RVS may be viable in 

the post-launch envirormient. 
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4.5 Summary of Thresholds of Interest 

Uhimately the effect of polarization on calibration through the instrument's 

response vs. scan angle depends of the impact of the RVS on the instrument's total 

uncertainty. For instruments that have little response vs. scan angle variation, the effects 

of a varying polarization at varying angles are insignificant. Even if the RVS forms a 

significant part of the radiometric calibration uncertainty, the effects of polarization may 

be negligible if the aft optics polarization is not great enough. As noted in Section 4.3, 

the threshold for when the aft optics polarization is "'not great enough" depends on the 

mirror polarizance but would be about 0.1 for a mirror with a polarizance of 0.01 and 

0.02-0.03 for a mirror with a polarizance of ~0.1. Thus, the threshold of interest can best 

be calculated using the approaches in Section 4.3. This also establishes a threshold for 

when a system level meas\irement is necessary and when component data could suffice. 

This is a significant conclusion for engineers looking at test programs and test funding. 

Section 4.4 provides some techniques for determining the response vs. scan angle post-

launch. 

In addition to establishing the threshold for when an RVS system level 

measurement is required, the results in this chapter indicate that a system level 

polarization measurement is necessary—except for unusual circumstances (high aft 

optics polarization, high mirror polarization, good RVS data), one could not expect to 

acquire meaningful calculated resuhs. At best, the RVS data could be used as a 

consistency check of the polarization data, but one would be far better off using 

polarization measurements to verify the RVS data. 
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CONCLUSION 

CHAPTER 5 

This dissertation has provided a comprehensive analysis of how polarization has 

an impact on the radiometric calibration of visible through long wave infrared Earth 

remote sensing satellites. In addition to reviewing the current state of polarization and 

calibration measurements, it has provided mathematical relationships between 

polarization and calibration uncertainty and determined the magnitude of the uncertainty 

due to polarization for a variety of cases. 

In reviewing the current state of calibration and polarization in remote sensing, it 

was noted that calibration requirements continue to tighten and more scene dependent 

terms are being considered. For polarization, there are substantial laboratory 

measurements in the solar reflective region, but few polarization measurements from 

orbit for the solar reflective region and few measurements of any type in the thermal 

infrared region. Calibration targets have generally been unpolarized, but small residual 

polarizations do occur for some targets, such as diffusers and some blackbodies, 

depending largely on the target geometry. For instruments, recent design efforts have 

actively controlled the polarization sensitivity in the solar reflective region and the 

techniques could be similarly applied to the thermal emissive region. 

Completing the review, this dissertation presented a method for explicitly 

determining the effect on radiometric uncertainty when the calibration coefficients are 

applied. In applying them, one must assume orthongonality and normalization of scene 

dependent variables and then presume that the scene has a given polarization 
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characteristic, usually matching the calibration target polarization. Using either Stokes 

vector of Jones vector formalisms, the normalized polarization response can be derived, 

which can then be directly included in the uncertainty analysis. This was done for 

theoretical cases that could be used to bound the uncertainties for a given instrument and 

scene and for scenes and targets from the literature. This revealed patterns in the 

uncertainties—that the sensitivity is largely determined by the instrument polarization 

response and that the cosine effect of the polarization phase is strongly dependent on the 

magnitude of the instrument response and the scene (or target) polarization factor. 

This dissertation then examined the relationship between system level response 

vs. scan angle (RVS) and the instrument polarization. Effects that cause the RVS were 

discussed, with particular attention paid to the impacts cf polarized reflectance in the 

instrument's scan mirror. It established a mathematical relationship between the RVS 

and polarization and examined these correlations using MODIS pre-launch data. This 

dissertation examined the sensitivity of the difference between the RVS and scan mirror 

data to the afl optics polarization and concluded that the instrument's polarization was 

not large enough in the visible region for the correlations between RVS and polarization 

to be useful. Instead, they indicate that mirror measurements alone should be sufficient 

to characterize the RVS. without requiring a system level measurement. However, for 

scan mirrors with greater polarized reflectance, such as the MODIS mirror in the thermal 

infrared, such a system level measurement will be required. Several techniques for 

determining the RVS post-launch were discussed. In addition, this dissertation concluded 
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that a system level polarization measurement is a necessity—it cannot be determined 

from RVS measurements under normal circumstances. 

The net result is that polarization can have a significant impact on radiometric 

uncertainty if not actively accounted for. As no surprise, the best way to do so is to 

design the instrument to be insensitive to polarization. If the total instrument polarization 

sensitivity is <0.005, then the uncertainty introduced in applying the calibration 

coefficients is negligible. For instrument sensitivities up to -0.02, the radiometric 

uncertainty may be negligible for most scenes. Similarly, if the product of the aft optics 

and scan mirror polarizations is less than -0.002 (e.g.. one would be -0.1 and the other 

would be 0.02), then one can use the average scan mirror reflectance as the RVS. 

Chapter two identified some techniques for minimizing the polarization sensitivity of an 

instrument. 

If one does not successfully make the instnmient insensitive to polarization, one 

can characterize and bound the radiometric uncertainty due to polarization. While 

calibration target polarizations are likely to be small, they should be checked. Then, 

using the formulae in Chapter 3, one can bound the radiometric uncertainty contribution 

for both any generic scene and any Earth scene where the polarization can be 

independently estimated. Similarly, one can use the relationship between response vs. 

scan angle and polarization given in Chapter 4 to validate pre-laimch polarization or 

response vs. scan angle measurements or even replace system level response vs. scan 

angle measurements with witness sample data. 
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Some areas for future research are clear. Additional data on scene polarizations, 

particularly from orbit and particularly for the thermal emissive region, would help refine 

where the thresholds of sensitivity are and would also make other researchers aware of 

the importance of designing instruments to be insensitive to polarization even in the 

thermal infrared. The polarization of all scenes is also dependent on several factors such 

as surface roughness, illumination angle, and view angle and improved characterization 

of these dependencies may identify useful future remote sensing products. 

In addition, while this dissertation concentrated on the effects of polarization on 

radiometric uncertainty, future researchers should examine the effects of the other scene 

variables on radiometric uncertainty. Linking the instrument's point spread fiinction or 

MTF to radiometric uncertainty would have significant benefits in determining the 

radiometric uncertainty of mixed scenes, since most calibration targets are uniformly flat. 

The methods for doing so would likely be similar to those described herein. Similarly, 

one could examine the effects of spectral variability on radiometric uncertainty, but these 

should not be as significant given the recent trend towards narrow spectral bands. 

Thus, polarization can be adequately accounted for in the radiometric calibration 

of Earth remote sensing satellites. Through minimizing sensitivities or explicitly 

accounting for it in the uncertainty estimates, the calibration scientist can eliminate 

polarization as an '"unknown unknown" in accurate radiometric calibration. 
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BLACKBODY POLARIZATION MEASUREMENTS 

APPENDIX A 

A. I Introduction 

On December 1, 22, and 23, 1997, Dr. Joseph Shaw of the NOAA Environmental 

Technology Laboratories and I together made infrared polarization measurements of the 

irradiance coming from three targets: a V-groove blackbody, a honeycomb blackbody, 

and a tub of water. This appendix documents these measurements. 

The intention of these measurements was two-fold. First, they served as a 

pathfinder for field measurements that Dr. Shaw intended to make later (and did in 1998 

and 1999). Second, they tried to establish whether a V-groove blackbody has a greater 

polarization signal than other designs. 

The physics behind infrared polarization has been described in the main text. For 

the purposes of these measurements, it is important to remember that the irradiance from 

a non-ideal blackbody is composed of both emitted and reflected light. The exact ratio 

depends on the reflectance and emittance of the surface and is described by the Fresnel 

equations, invoking Kirchhoff s law. It is also strongly dependent on the contrast 

between the target temperature and the background temperature. For extended siirfaces 

(the water and the V-groove blackbody), the polarized reflectance and emittance also 

vary with angle. 

Thus, the objective was to measure the infixed polarization inadiance from the three 

targets at different target temperatiires and view angles. Ideally one would also vary the 
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background temperature, which was done for the water target by taking it outside, but not 

done for the blackbodies. 

A.2 The Equipment 

The radiometer chosen was one that Dr. Shaw has used on previous field 

campaigns. It was an Everest Interscience Inc. Model 4000A radiometer, which uses a 

room temperature bolometer as its detector. NOAA has modified this radiometer, adding 

3 cylindrical heater rods imbedded in the teflon case surrounding the radiometer, to 

maintain it at a uniform background temperature of about 80 "C. NOAA also added a 

spectral filter, with a bandpass ti-om 9.948 |im to 11.428 jam. Measured out-of-band 

response covers the range from 1.0 jim to 20.0 fim with a relative spectral response of <= 

0.5% for the short-wave side of the bandpass and a response of <=1.0% for the long

wave side of the bandpass. 

The output of the radiometer was hooked to an intermediate electronics box. 

containing a xlO amplifier. This increases the range from 0-1 volts to 0-10 volts. This 

signal was read by a standard Fluke laboratory multimeter. Uncertainty of the voltage 

was 0.01 V. 

The field of view in the manufacturer's specifications was advertised as 4 degrees 

(half angle). However, it was not clear whether this number was correct tor the given 

radiometer or if the actual value was larger. This was checked by a simple measurement. 

The radiometer was positioned 44 inches above the ground. A hot soldering iron was 

moved slowly through the field at floor level and the peak signal recorded. Then it was 
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moved to the find the 50% response points, which we determined to be 2.6 +/- 0.2 inches 

from the center point. This gave a very rough estimate of 3.4 degrees (half angle), 

leading us to believe that the half angle was indeed probably 4 degrees. 

The radiometer was mounted on a tripod with an adjustable head. This allowed 

for look angles. Using an electronic bubble level, the head was aligned such that zero 

degrees on its vernier would be looking straight down and to set the rotation plane (90 

degrees should be parallel to the floor). The bubble level indicated that we were aligned 

to within 0.5 degrees of the rotation plane. The vernier on the adjustable head measuring 

the rotation angle was marked in degrees and minutes and was accurate to 5 arc-minutes. 

The polarizer was mounted to the front of the radiometer. The polarizer was an 

Optometries wire grid polarizer, catalog number 05-2651. It was a wire grid polarizer 

ruled directly into a ZnSe substrate, with no anti-reflection coating. According to the 

manufacturer's specifications, the extinction ratio is 200 at 10.6 micrometers and the 

peak transmission is >= 64%. The manufacturer notes that one can achieve an extinction 

ratio of 40.000:1 by using two polarizers in series (assuming the transmission loss is 

acceptable). The polarizer had a diameter of 50 mm. which slightly vignetted the 

radiometer aperture. 

The polarizer was mounted in a standard Newport rotation stage, which was glued 

to the front of the radiometer. This allowed the polarizer to be rotated to any angle with 

an uncertainty of 0.5 degrees. The fast axis of the polarizer was aligned with the zero 

degree mark on the rotation stage. 
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For some parts of the experiment, a second identical polarizer was used, also 

mounted in a Ne\vport rotation stage. The fast axis of this polarizer was aligned with the 

90 degree mark on its rotation stage. 

The first blackbody was an Eplab honeycomb Blackbody (B025). Its reported 

emissivity was 0.998 and its reported temperature uncertainty was 0.1 °C. The aperture 

was 2 inches square and located about 2 inches above the blackbody surface. 

The second blackbody used was the Goddard designed V-groove blackbody. This 

design has the same geometry and surface as the MODIS on-board blackbody. Figure A-

1 shows a schematic of the teeth of this blackbody. This blackbody relies on multiple 

bounces within the grooves to achieve high emissivities, estimated at 0.992. at the 

designed viewing angle of 37 degrees. Unlike the MODIS blackbody. this one was a 

two-phase construction, consisting of aluminum hollowed out to hold an acetone core. 

This is expected to give it better thermal uniformity. 

0' 

-37° 370 

Figure A-1. MODIS V-Groove Blackbody Design. At a view angle of 37°, any 
scattered light will have undergone at least 5 bounces to be observed. 



Unfortunately, this blackbody was damaged in shipping it from Goddard to the 

Environmental Technology Laboratory. It appears that the surface sustained minimal 

damage, but the valve to the acetone reservoir broke, along with a heating/temperature 

wire. It was therefore decided to not heat the blackbody. This ultimately limited our 

ability to get high SNR, and therefore good quality, measurements. When this blackbody 

was the target, a Fluke Model 52 K/J thermometer with a type-K thermocouple was used 

to measure its temperature. The thermometer has a reported uncertainty of 0.1 degree. 

Temperature sensor 1 was in the middle of one long side of the blackbody and 

temperature sensor 2 on the other. 

During part of the V-groove blackbody measurements, a flat aluminum plate, with 

an unprepared surface, was used for a heating comparison (discussed in A4). A 125W 

heat lamp was used to illuminate the surface. 

The third target was a large tub of tap water. Its temperature was measured using 

a standard laboratory thermometer, with an uncertainty of 1 degree. 

A.3 Honeycomb Blackbody Measurements 

The first experiment was designed to provide a calibration point. The honeycomb 

blackbody was placed on a table with one of the wire grid polarizers covering its 

aperture. The setup is given in Figure A-2. The radiometer was placed a few centimeters 

away, so that it saw only the blackbody/polarizer aperture. The blackbody was heated to 

22.5 °C. Polarizer #l (on the radiometer) was rotated in 30 degree intervals and the 

voltage recorded. These values are presented in Table A-1 and plotted in Figure A-3. 
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Figure A-2. Radiometer and Honeycomb Blackbody Set Up. The radiometer is 
positioned so that the blackbody polarizer aperture fills its entire FOV. 

Honeycomb with Polarizer 
measurements, 22.5 degrees 

100 200 300 

Polarizer Angle (degrees) 

400 

Figure A-3. Honeycomb Blackbody 
Measurements with Polarizer, at 22.5 °C. 

Polarizer Angle Radiometer Voltage 
degrees Volts DC 

0 3.61 
30 3.64 
60 3.49 
90 3.38 
115 3.36 
120 3.37 
150 3.49 
180 3.62 
210 3.65 
240 3.49 
270 3.38 
300 3.37 
330 3.45 
360 3.62 

Table A-1. Polarization 
Measurements of Honeycomb 

Blackbody with polarizer in front of 
apenure; Tbb=22.5 °C. Polarization 

Factor: 0.04 +/-0.003. 



The low degree of observed polarization, 4%. was a surprise since all radiance 

emitted from the blackbody would have been polarized upon transmission through 

polarizer #2. This indicates that much of the signal was not coming from the honeycomb 

blackbody—^that we had a large, unpolarized background due to self-radiance of the 

radiometer or polarizers. 

The second experiment repeated the first, with the blackbody heated to 60° C. 

These data are in Table A-2 and plotted in Figure A-4. Two features can be noted. First, 

the offset rose from 3.36 to 4.42 V. Since crossed polarizers should completely block the 

radiance from the honeycomb blackbody. this indicates that we had thermal coupling 

between the blackbody and the polarizer. Thus, in heating the blackbody, we increased 

the unpolarized radiance as well as the polarized radiance. 

Honeycomb with Polarizer 
measurements, 60 degrees 
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0 100 200 300 400 

Polarizer Angle (degrees) 

Figure A-4. Honeycomb Blackbody 
Measurements with Polarizer, at 60 °C. 

Polarizer Angle Radiometer Voltage 
degrees Volts DC 

30 3.77 
60 4.08 
90 4.36 

115 4.42 
120 4.4 
150 4.17 
180 3.84 
210 3.77 
240 4.09 
270 4.36 
300 4.41 
330 4.17 
360 3.84 

Table A-2. Polarization Measurements 
of Honeycomb Blackbody with polarizer 

in front of aperture; "11)15=60 "C. 
Polarization Factor: 0.08 +/-0.003. 



The other observed feature was that the cosine fiinction is shifted in phase by 90 

degrees. This indicates that the polarized signal in the first experiment was due to light 

reflected off the polarizer whereas the polarized signal in the second experiment was due 

to light transmitted through the polarizer. 

The third experiment removed Polarizer 2 from the honeycomb blackbody and 

rotate Polarizer I. The blackbody was at 60 "C and no significant signal change was 

observed during the rotation. Using the crossed polarizer results in Table A-2 as the 

calibration, this indicates that the polarization of the honeycomb blackbody was 0 +/-

1.5% (+/- 0.01 V out of 0.65 V. where 0.65 V should correspond to 100% of the 

honeycomb blackbody signal being polarized"). It should be noted that this imcertainty 

value is only a first order estimate. It does not account tor the transmittance loss of the 

polarizer (which will affect the observed background), the non-ideality of the polarizer, 

nor the combination of reflected and emitted radiance in experiment 2 (which will 

partially cancel out, reducing the observed polarization below that actually emitted). 

We chose to check the signal response of the radiometer/polarizer system vs. 

temperature using the honeycomb blackbody. Our intention was to establish what 

improvements in signal we could get with a heated target. The honeycomb blackbody 

was heated to four temperatures and the voltages measured. These are given in Table A-

3 and plotted in Figure A-5. 
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Calibration of Everest 
Radiometer BBTemp Radiometer Voltage 

degrees Volts DC 

15.00 2.98 
30.00 3.51 
45.00 4.08 
60.00 4.69 

0.00 20.00 40.00 60.00 80.00 ! 

BB Temperature (deg. C) Table A-3: Calibration of Everest 
Radiometer with polarizer in front of 

aperture (12/1/97); BB temp uncertainty 
0.01°. voltage uncertainty 0.01 V. eqn: 

Figure A-5: Calibration of Everest T=-62.8+26.3*V. 

Radiometer against heated honeycomb 
blackbody (12/1/97). 

On two occasions, we attempted to establish the best measurable polarization 

sensitivity. By heating the blackbody to 80 °C, we were able to measure the polarization 

to 0.01 V in 1.3 V, or 0.8%. At 11 °C, we were able to measure the polarization to 0.01 

V in 0.56 V, or 1.8%. Thus, the ability to measure the polarization is clearly dependent 

on the signal strength (i.e.. Blackbody temperature) and SNR (here limited by the 

multimeter precision). A more comprehensive set of measurements was later made, with 

the data presented in Tables A-4 and A-5 and plotted in Figures A-6 and A-7. 
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Honeycomb with Polarizer 
measurements, 70 degrees 
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Figure A-6: Honeycomb Blackbody 
measurement results at 70 °C with 

crossed polarizers. 

Polarizer Angle Radiometer Voltage 
degrees Volts DC 

0 4.57 
15 4.54 
30 4.39 
45 4.18 
60 3.93 
75 3.68 
90 3.54 
105 3.59 
120 3.82 
135 4.07 
150 4.31 
165 4.51 
180 4.60 
195 4.57 
210 4.41 
225 4.21 
240 3.96 
255 3.71 
270 3.57 
285 3.63 
300 3.84 
315 4.11 
330 4.34 
345 4.53 
360 4.62 

Honeycomb wHti Polarizor 
measurements, 80 degrees 
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Figure A-7. Honeycomb Blackbody 
measurement results at 80 °C with 

crossed polarizers. 

Table A-4. Polarization measurements of 
honeycomb blackbody with polarizer in 
front of aperture; Tbb=70 °C, PF=0.128 

+/- 0.003. 

Polarizer Angle Radiometer Voltage 
degrees Volts DC 

0 4.97 
90 3.63 
180 4.97 
270 3.63 
360 4.97 

Table A-5. Polarization measurements of 
honeycomb blackbody with polarizer in 
front of aperture; Tbb=80 °C. PF=0.156 

+/- 0.002. 
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A.4 V-Groove Blackbody Measurements 

The V-groove blackbody measurements were conducted on a different day than 

the honeycomb measurements. As such, we chose to confirm the response of the 

radiometer by re-examining the response vs. temperature. These data are given in Table 

A-6 and plotted in Figure A-8. These indicate only small changes in the calibration 

coefficients. 

Measurements were then made at multiple look angles—zenith angles of 37°, 0°. 

and -37° (see Figure A-1). The heat lamp was alternately turned on and otf and always 

placed where its radiance would be specularly reflected to the radiometer. While signal 

variations were observed, no differences with polarization were observed. Table A-7 

gives these values and the Blackbody temperatures. We noted that there seemed to be 

little difference in the signal between having the lamp on and off. However, if the lamp 

was left on for some lime, the signal did increase because the lamp was heating the 

blackbody. Given the high emissivity and therefore high absorptance, this is not 

unexpected. 

A.5 Flat Plate Measurements 

We placed a flat aluminum plate in the same location as the V-groove blackbody 

to see if we could observe the difference between lamp on and lamp off. When the lamp 

was off. the radiometer read 3.30V. When the lamp was on, we measured 4.59V. This 

indicates that the failure to measure a difference with the V-groove measurement was due 
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Calibration of Everest 
Radiometar 
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Figure A-8. Calibration of Everest 
Radiometer against heated honeycomb 

blacichwdy (12/22/97). 

BB Temp Radiometer Voltage 
degrees Volts DC 

14.00 2.95 
10.00 2.81 
20.00 3.14 
25.00 3.31 
30.00 3.49 
35.00 3.68 
40.00 3.87 
50.00 4.26 
60.00 4.67 
70.00 5.1 
80.00 5.53 
25.00 3.31 
14.00 2.92 
10.00 2.79 

Table A-6. Calibration of Everest 
Radiometer with polarizer in front of 

aperture (12/22/97); BB temp 
uncertainty 0.01°. voltage uncertainty 

0.01 V'.eqn: T=-61.0+25.8*V. 

Zenith Angle (deg) Lamp Status Measured Voltage (dc) BB Temperature (deg. C) 
37 off 3.29 24.1 
37 on 3.30 24.2 
0 off 3.31 24.5 
0 on N/A (in shadow) 

-37 off N/A (skipped) 
-37 on 3.36 25.5 

Table A-7. V-groove Blackbody Measurements. No polarization was observed at any 
angle. The -37 degree "lamp off' state was skipped since the -37 degree "lamp on" case 

was more extreme and measured no signal change. The 0 degree "lamp on" state was 
skipped because the radiometer blocked the light. Note that the blackbody heated over 
time with exposure to the heat lamp, cooling very slowly when the lamp was turned off. 

to the low reflectivity of the V-groove blackbody and not due to the output level of the 

lamp. 
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A.6 Water Measurements 

The first set of water measurements was conducted in the laboratory. The 

ambient temperature was 24.2 °C at the start of the measurements and 23.3 °C during the 

data collection. The water temperature was 23.9 °C at the start of the measurements and 

22.8 °C. during the measurements. The water had been stirred to ensure some measure of 

temperature uniformity. 

The radiometer was placed at three look angles (zenith angles), 0, 30. and 60 

degrees. To eliminate radiance being emitted fi*om the room and reflecting off the water, 

a large piece of foam was placed to block off any signals. The voltage was constant, 3.26 

+/- 0.01 V. at all polarizer angles and all zenith angles. We decided that no polarization 

was observed because there was no contrast between the reflected and emitted signals— 

i.e., any polarization being emitted from the water was being balanced by the polarization 

reflected from the water. In those circumstances, one would expect that the emitted and 

reflected polarization signals would then cancel each other out. 

Given this lack of contrast, we took the entire setup outside, hoping to get a very 

cold background which would allow us to see only emitted signals. The radiometer was 

set up on the loading dock, with the sky a solid overcast with mid-level stratus clouds. 

NCAR weather plots showed that the air temperature was 6 °C. the dew point was -3 °C. 

and the relative humidity was 55%. The water temperature was 19.5 °C. 

The radiometer was placed at look angles of 45 and 60 degrees. Some quick 

measurements were made and are given in Table A-8. These indicate a small amount of 

polarization may be present. 0.007 to 0.009. 
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Measured Voltage (dc) Measured Voltage (dc) 
Polarizer Angle (deg.) look angle 45 deg. look angle 60 deg. 

0 2.97 2.77 
90 2.93 2.73 
0 2.97 2.77 
90 2.93 2.73 

Table A-8. Water Measurements. Since uncertainties were 0.01 V, there may be some 
observed polarization, of about 0.007 +/- 0.004 for both look angles. 

Measurements were next made of the sky. Using the same radiometer, we looked 

up at 30 degrees above the horizon and then vertically up into the clouds. No signal 

variation was observed for any polarizer angle. 

A. 7 Analysis 

The calibration experiments with the crossed polarizers reveal many of the pitfalls 

in making infrared polarization measurements in an ambient environment. We know that 

the observed radiance is a combination of the radiance from the source (reflected or 

emitted), which may be polarized, and the background radiance (path radiance, self-

emission from the radiometer), which also may be polarized, but is less likely to be so. It 

may be possible to account for this background radiance by using a chopper or 

conducting the experiment in a thermal vacuum chamber, but neither of these was 

available to us at the time. When using crossed polarizers, the signal from the 

honeycomb blackbody ideally should be 100% polarized, but we observed polarizations 

from 4% to 15%. This is due to a large amount of unpolarized background radiance. 

Looking at Table A-5, one could argue that 73% of the observed radiance (3.63V out of a 



130 

maximum of 4.97V) comes from the background and Table A-5 represents the best case 

(strongest signals from the target). 

Our attempt to use the crossed polarizers to establish the background was not 

entirely successftil due to the heating of the second polarizer. The radiance equivalent to 

a reading of 3.36 volts (Table A-1) was not constant for the other crossed polarizer 

experiments, which means we carmot simply subtract this offset. Future measurements 

must provide a calibration over time and polarizer temperature in order to subtract out 

this effect (i.e.. run a calibration for the crossed polarizer case, and compare to the single 

polarizer case). 

For variations over time, we checked our measurements of the signal versus 

temperature (Tables A-3 and A-6). Comparing the coefficients, we see that the 

agreement is better than 0.2 degrees, which is below our measurement uncertainty. 

This high background also contributed to the measurement limitations by 

restricting our sensitivity range. Looking at the crossed polarizer measurements, in the 

best case (Table A-5) the SNR was only 134. This limits us to a measurement 

uncertainty of no better than 0.7%. For the room temperature case, our SNR was only 26. 

with a measurement uncertainty of no better than 3.8%. The limitation in our experiment 

was the resolution of the voltage readout. 

One additional interesting observation was the phase change between Tables A-1 

and A-2. This is due to reflected radiance off the polarizer surface. It may be possible to 

use this phase change to establish the point where the self-radiance is equivalent to the 
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honeycomb radiance transmitted through the polarizer. This may lead to an alternative 

calibration approach. 

A.8 Conclusions 

This measurement set identified several problems that Dr. Shaw has since 

addressed in conducting field measurements. Specifically, we identified the need to 

increase the SNR, possibly by adding a chopper to reduce the self-radiated background. 

Also, the calibration approach of using crossed polarizers should be rethought, as it was 

difficult to separate out reflected and emitted radiance. It may make more sense to treat 

one blackbody (honeycomb) as an unpolarized standard to which all other measurements 

are compared. 

If the heated polarizer effects are neglected, then the honeycomb blackbody is 

unpolarized to +/- 0.015, based on the 60 °C measurements. The V-groove blackbody. 

which could not be raised above room temperature, is unpolarized to +/- 0.038. The 

water may be slightly polarized. Thus, the objective, seeing if the V-groove blackbody is 

more polarized than other designs such as the honeycomb blackbody, was not been met 

due to the limited uncertainty level in the measurements. 



RADIOMETRIC UNCERTAINTY PLOTS 

APPENDIX B 

This Appendix contains the complete set of radiometric uncertainty plots referred 

to in Chapter 3. The plots given in Chapter 3 are also included here for completeness. 

B.l Boundary Cases 

For the Boundar>' Cases, there are six variables under consideration 

, RQ2:OO'f'f^iscene), PF{cal), rj{scene), //(ca/)), though not all of these are 

independent of each other. The dependence on these variables is best depicted in three 

different types of two dimensional plots. The first establishes the dependence on the 

instrument polarization sensitivity. The second shows the dependence on the scene and 

calibration target polarization. The third presents the dependence on the scene and 

calibration target polarization phase. For each of these variables, the plots have been 

selected to span the range of variables (0.0001 to 1.0 for polarization response. 0.001 to 

1.0 for Polarization Factor, and 0 to n/l for polarization phase). In most cases, the Y-axis 

scale has been adjusted for maximum readability and thus may vary between plots within 

a category. In several cases, the scale has been truncated at radiometric uncertainties of 

+/- 0.1, since this is larger than most instrument programs can tolerate. 

B. 1.1 Sensitivity to Instrument Polarization Response 

These charts contain the complete set of variable combinations reflected in Figure 

3-1. which is replicated here as Figure B-1. Figure B-IB expands the y-axis scale. 
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showing that the uncertainty can go to 100% for scenes that are 100% polarized with an 

instrument that is 100% polarization sensitive. 
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FIGURE B-1 B. Radiometric Uncertainty due to Polarization as a function of 

Instrunient Polarization Response for nine scene cases 
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The next several charts cover all the necessary variables in a more systematic 

fashion, to the neglect of aesthetic symmetry. 

O.l •r 

0.08 -

0.06 -

0.04 -

0.02 -

a 0 •-

-0.02 -

-0.04 -
'V 

-0.06 -

-0.08 -

-O.I 

Ti(caI)=R02/00=0 

0.001,0.001.;i'2 
0.001,0.01,0 

•0.001,0.0 l,w2 
-0.001,0.1,0 

•0.001,0.1,^/2 

-0.001,1.0,0 

•0.001,1.0,71/2 

•0.01,0.001,0 
•0.01,0.001.71/2 

O.OOOl 0.001 0.01 0.1 1 

Linear Polari2ation Response ROI/00 

FlClJREB-2. Radiometric Uncertainty due to Polarization as a function of 

Legend: PF(scene), 

PF(cai), ii(scene) 

Instrument Polarization Response for nine scene cases 

0.02 -

0.01 -

0.005 -

-0.005 -

-0.01 -

-0.015 -

-0.02 

ri(cal)=0, 

R02/00=0 

0.001.0.001,71-4 
0.001,0.01,7^4 

•0.001,0.1,71/4 

0.001,1.0.71/4 

0.01,0.001,71/4 

0.01,0.01,0 

•0.01,0.01,7^4 

•0.01,0.01,71/2 

0.01,0.1,0 
Legend; PF(scene). 

PF(cal), ii(scene) 

0.0001 O.OOl 0.01 O.l I 

Linear Polarization Response ROl/00 

FIGIIRE B-3. RadionKtric Uncertainty due to Polarization as a function of 
Instrument Polarization Response for nine scene cases 

In Figures B-2 and B-3. unlike in Figure B-1. the shift in phase does not 

necessarily change the sign of the uncertainty for certain traces. Those traces that remain 
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negative regardless of the scene polarization phase are the ones where the calibration 

target polarization is larger than the scene polarization. 
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FIGURE B-5. Radbmetric Uncertainty due to Polarization as a function of 

Instrument Polarization Response for nine scene cases 

By now some patterns begin to emerge. The first pattern is that the curves 

generally fall into four families. The first are those with zero uncertainty, where the 
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scene polarization matches the calibration target polarization (such as the 0.1.0.1.0 trace 

in Figure B-5). The second are those with low uncertainties, clustered near zero until the 

instrument is very sensitive. The third family has uncertainties about 0.1 for an 

instrument polarization response of around 1.0, and these are the cases where either the 

scene or the target is highly polarized (0.1). The final family of curves is where the scene 

or target polarization is l.O, and in these the uncertainty is already greater than -0.1 for 

instrument sensitivities around 1.0. and go to 100% at instrument sensitivities of 1.0 (see 

Figures B-IB and B-6B). A second pattern is the effect of a phase of 7:/4. In Figures 

B-I through B-6. if the polarization of the calibration target is not dominating the entire 

uncertainty (like the extreme cases of polarization 1.0), then the uncertainty is markedly 

less than either the phases of 0 or nil. Effectively, the uncertainty is reduced to that of 

the next family of curves. This is because, with the polarization of the scene only 45° 

misaligned with the polarization of the calibration target (instead of being either 100% 

parallel or 100% crossed), the effective "uncalibrated" radiance is substantially lower. 

The portion that is parallel to the target radiance is accurately captured in the calibration, 

and the amount of remaining uncertainty is dependent on the mismatch between the 

magnitudes of the scene and calibration target polarization factors. 
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Note that in Figure B-6B. that once again, the uncertainty goes to 100% when the 

scene and calibration target are both 100% polarized with opposite phases. However, this 

only happens when the polarization sensitivity of the instrument is large. For sensitivities 
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below 0.005. the uncertainty is less than 0.01. For sensitivities of 0.02. the uncertainty is 
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Figures B-7 through B-12 duplicate Figures B-1 through B-6 with the calibration 

target polarization phase changed to 7i/4. Note the scale change (compared to Figure B-

2). This is the same reduction in uncertainty seen previously with the phase change. 
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It should be noted that some of the uncertainties are converging to zero due to 

instrument insensitivity. In these figures, the instrument sensitivity to polarization at 45° 

is zero, since 00 = 0. When both the scene and the calibration target are polarized at 
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45°, the uncertainty goes to zero because of this insensitivity (one of the boundary 

conditions discussed in Chapter 3). 

Figures B-13 through B-18 complete the set by examining cases where the 

calibration phase is 7r/2. These are generally identical to Figures B-1 through B-6 with 

the sign flipped. It should be noted that occasionally this leads to cases of 100% 

uncertainty when the calibration target is 100% polarized because no radiance is being 

measured from the calibration target (it is perpedicular to the instrument sensitivity). 

These show up mathematically as zeros in the denominator and are represented here by 

uncertainties of 1.0. 
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Changing the sensitivity axis from ^0, 00 to «is equivalent to a coordinate 

transform and will produce a similar family of curves to that shown in Figures B-1 
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as Figures B-1 and B-3 with simple changes of variables, and by looking at Figures B-21 

and B-22. which are the same as Figures B-1 and B-3 with fiill coordinate 

transformations (rotation of the coordinate axes by 45°). 

In Figure B-19. the sensitivity axis is not aligned with the polarization a.xes for 

either the scene or calibration target, and so all uncertainties are zero as expected. Figure 

B-20 shows the increase in uncertainty when the scene polarization phase is aligned with 

the instrument sensitivity. Series 0.01.0.001.;r/4 in Figure B-20 can be compared to 

Series 0.01.0.001,0 in Figure B-8. The comparison can be made to 0.01,0.001,0 rather 

than 0.01,0.001.71/2 because not only does the phase rotate 45°, but the magnitude of the 

Stokes Vectors must be adjusted. The first Stokes vector element, Si. is defined as H-V. 

and the definitions of "H" and "V" must be modified to account for a rotated coordinate 

system (and similarly the definitions of H+45° and H+135° must be modified for the 

second Stokes vector element). Therefore the correctly rotated vector from 

0.01,0.001.7r/4 would be -0.01,0.00l,7t/2, which is equivalent to 0.01,0.001,0. This holds 

for all other rotated quantities—not only must one account for the angle between the 

sensitivity axis and the radiance, but the coordinate system that defines the radiance 

polarization must also be considered. 
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Given the ability to adjust the coordinate system, any uncertainty that is a function 

of ^02 00 can be transformed into an equivalent function of RQ^|^ . This holds true for any 

arbitrary axis orientation, 0, since - cos2^ and ^03,qq = - sin 2^. Since 

there is no new insight gained by plotting cases using these other axes, they are not 

included here. 

B.1.2 Sensitivity to Scene and Calibration Polarization Differences 

These charts contain the complete set of variable combinations reflected in Figure 

3-2. which is replicated here as Figure B-23, and Figure 3-3. which is replicated here as 

Figure B-28. As previously argued, there is no need to plot the effects of changing the 

instrument sensitivity axis from to /?o2,oo» as this is essentially a coordinate change 

and illuminates no new physics. 
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The x-axis scale has shifted in Figure B-24 to show the small calibration target 

polarization lines. These are nearly indistinguishable from the medium polarization lines, 

indicating how little difference the calibration target polarization makes when the 

instrument is not very polarization sensitive. Figure B-25 looks at the extreme instrument 

polarization cases (note the y-axis scale change). As expected, a 0% polarized calibration 

target, a 100% polarized scene, and a 100% sensitive instrument results in an uncertainty 

of 100% (the scene radiance is twice that of the radiance measured when looking at the 

calibration target). Similarly, a 100% polarized scene, a 0% polarized calibration target, 

and a 100% sensitive instrument results in an uncertainty of 50%. This is because the 

measured scene radiance can be no less than half of the calibration target polarization. 

One interesting implication of this asymmetry is that if one is going to have a highly 

polarization sensitive instrument, one also would like a highly polarized calibration 
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target. However, given the steep slopes involved here, it is best to not have a highly 

polarization sensitive instrument in the first place. 

'J 3 
-3 

- ta 
•J 
c 

0.1 -

0.08 -

0.06 -

0.04 -

0.02 -

0 -
-0.02 -

-0.04 -

-0.06 -

-0.08 ' 

-0.1 — 

1 

Ti(scene)=0 

Ti(cal)=0 
RQ2/00=0 

-*-0.001,0.001 

-^^e-0.01,0.001 
0.1.0.001 

-•-0.001,0.01 
-(—0.01,0.01 

-D-0.1,0.01 

-^O.OOl.O.l 

0.01,0.1 

0.1,0.1 

Legend: PF(cal), 
ROl/00 

-0.2 0 02 0.4 0.6 0.8 

Difference between Scene and CaUbration Polarizations 

PF(scenehPF(cal) 

FIGURE B-24. Radiometric Uncertainty due to Polarization as a function of scene and 

calibration target polarization 

N 
c 

'•J c a -

II 
CJ 

•c 

-3 3 

1.2 -

1 -

0.8 -

0.6 -

0.4 -

02 -

0 -

-02 -

-0.4 -

-0.6 

-0.5 0.5 

ti(sceneH) 
Ti(cal>=0 
R02/00=0 

0.001.1.0 

0.01.1.0 

0.1.1.0 

1.0.1.0 

Legend: PF(cal). 
ROI/00 

Difference between Scene and Calibration Polarizations 

PF(scene)-PF(cal) 
FIGURE B-25. Radiometric Uncertainty due to Polarization as a function of scene and 

cahljiation target polarization 



150 

The next set of plots, B-26 through B-43, demonstrates the pivoting introduced with 

scene polarization angle for the four basic instrument cases (negligible, /?o, oq = 0.001; 

low = 0.01; moderate, /?o,;oo = 0.1; and completely sensitive, =1.0). Figure 

3-3 is duplicated as Figure B-28. Note the y-axis scale change with each plot. As 

expected, in Figure B-29. the uncertainty goes to 100% when the scene target is 100% 

and perpendicular to the sensitivity axis. 
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Figures B-30 and B-3I complete the set by including the PF(cal)=0.001 values 

not included in the previous four charts. The traces are very similar to those with 

PF(cal)=0.01. with only a small offset between the corresponding data sets. 
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Figures B-32 through B-37 hold the scene phase constant and vary the calibration 

phase. Again, the slope stays tairly constant and is set by the instrument polarization 

sensitivity (see the y-axis scale). However, the different phases lead to an offset in the 

uncertainty intercept. Equation 3-28 shows how the cosine term is now in the 

denominator, and so its effect as the PF(scene) varies is more muted—acting as an 

overall multiplicative factor on the total uncertainty (the y-value) rather than on the free 

variable PF(scene) (the x-value). Two items of particular note are how the increased 

phases make the uncertainty more positive and how the uncertainty is always zero for a 

calibration target phase of 45 degrees, a calibration target polarization of 1.0. and a scene 

polarization of 0, regardless of the instrument sensitivity. This is a quirk of the 

orientation. >V'hen the target is at a 45 degree angle with respect to the sensitivity and is 
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100% polarized, it appears unpolarized (half of its radiance is going into each of the H 

and V vectors that define the polarization sensitivity). 
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Figure B-35 shows some uncertainties plotted as more tiian 100%. These can be 

treated as uncertainties of 100%. Physically, what is occurring is the detected scene 

polarization (that aligned with the sensitivity axis) is more than twice that of the detected 
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calibration target polarization, even when the radiance emitted by the target and scene are 

the same magnitude. Since the uncertainty is calculated as the ratio of scene radiance 

over target radiance, this leads mathematically to numbers greater than 100%. 

Physically, it's like trying to calibrate the instrument by looking at a candle, then 

measuring the sun. The difference is too overwhelming. 
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Figures B-38 through B-43 plot the uncertainty as a function of the difference 

between the scene and calibration polarization factors, but with the scene calibration 

target being the fixed element. As expected, the plots are similar to those in B-26 

through B-31. The pivoting as a function of calibration target phase is now around the 

point where the calibration target polarization factor is zero. The magnitude is the 

reciprocal of those in plots B-26 through B-31 due to the variable PF(cal) being in the 

denominator rather than the numerator. 
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Figures B-41 and B-43 again show the pathologies of fully polarized radiometric 

targets and a 100% sensitive instrument. As in B-35, the calculated uncertainties are 

greater than 100% when the detected scene radiance is greater than twice the calibration 
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target radiance (since only radiance polarized along the sensitivity axis is detected, 

regardless of the radiance emitted by the source). However, the 7r/4 calibration target 

phase cases still limit correctly—the uncertainty is simply that of the magnitude of the 

calibration target polarization factor. Zero uncertainty is still achieved for cases where 

the target and scene polarizations are identical. The only other 'Teal" pathology is the 

fact that the lines are no longer linear. This is again a function of the variable being in 

the denominator—the curvers are closer to l/x than to linear. In any case, the appropriate 

conclusion is that if one does have a ftilly polarized instrument, one should probably not 

attempt to calibrate it purely as a radiometer. 
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B. 1.3 Sensitivity to Scene and Calibration Target Polarization Phase 

This section includes the complete set of plots that accompany Figure 3-4. In 

each, the polarization phase difference serves as the x-axis, for varying combinations of 

instrument response, and scene and target polarization factor, .^s with the previous 

curves, sometimes the scale changes, but it has generally been held constant to make 

trends clear. Figure 3-4 is duplicated as Figure B-81. 
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Some trends become apparent when looking at the family of plots. For a given 

polarization sensitivity and calibration target polarization, the amplitude of the cosine 

curve increases as the scene polarization increases—from nearly flat in figures such as B-

52 to a ftill curve such as in B-55. For a given instrument response, the actual amplitude 

of the uncertainty is largely set by the scene polarization factor as can be seen by 
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comparing B-44. B-48. B-52, and B-56. As expected, when the instrument response is 

varied for a given polarization response the amplitude also changes (see B-44, B-60, B-

76. and B-92). It is also interesting to note that as the amplitude increases, the offset 

between the various phases decreases. 
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In Figures B-104 through B-107, once again the instrument is 100% polarization 

sensitive and the calibration target is 100% polarized. This leads to a 100% uncertainty 

when the calibration target is rotated 90 degrees to the sensitivity axis. This is 

represented in these plots as an uncertainty of+1.0. 
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Figure B-108 is included to show the effects of holding T|(scene) constant instead 

of TI(cal). Upon comparison to Figure 3-4 and Figure B-81, one sees that it is a perfect 

180 degree rotation (the sign tlips on both the x-axis and on the y-axis). 

B.1.4 Presumed Normalized Polarization Response Not Equal to 1 

To this point, all data have been plotted assuming the investigator has chosen the 

most common presumption—that the normalized polarijsation response should be 1. The 

investigator may choose another presumption if desired, however, such as when some of 

the parameters (such as the instrument polarization response or calibration target 

polarization) are known. This leads to a simple offset in the y-axis of the plots. Figures 

B-109 through B-112 illustrate this by duplicating the plots in Chapter 3 with a presumed 

normalized polarization response of 0.99. 
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B.2 Literature Data Cases 

The plots in this section complete the set given in Section 3.3.2 and are used to 

generate the input values for Tables 3-1 through 3-6. The plots in Chapter 3 are not 

directly duplicated here—instead the data are included in charts sorted by scene type. 

Also included here are plots for when the calibration target is non-zero. For the solar 

reflective scenes, these include a Calibration Target Polarization Factor of 0.006, which 

correspond to the McClain integrating sphere measurements (McClain et al. 1994). a 

Calibration Target Polarization Factor of 0.03, which corresponds to the Guzman 

measurements (Guzman et al. 1991), and a Calibration Target Polarization Factor of 0.05. 

corresponding to the MERIS measurements (Olij et al. 1997). For the thermal infrared 

scenes, these include the worst case Calibration Target Polarization Factor from the 

Appendix A measurements of 0.038. 
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For Figures B-120 through B-140, the calibration target phase has been set to n/2. 

This maximizes the calculated uncertainty by taking the worst case difference—where 

the calibration target is out of phase with both the instrument sensitivity and the scene 
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polarization. As was observed in the boundary value cases, this is more extreme than 

varying the scene polarization phase. Given the small changes in uncertainty with these 
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calibration target polarization factors, there is no advantage in plotting both phase 

differences here. 
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Figures B-141 through B-148 capture the radiometric uncertainty for the thermal 

emissive bands. As with the solar reflective bands, the plots are grouped by target type. 
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The calibration target polarization phase in plots B-145 through B-148 is again set to 7i/2 

to maximize the observed uncertainty. 
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