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Abstract

A new system to measure the natural sky light polarized fiance disrnbution has been

developed. The system is based on a fisheye lens, CCD camera system and filter changer.

With this system sequences of images can be combined to detumine the linear polal%mtion

components of the incident light field. In this paper calibration steps to detemline the

system’s polarizadon chmcteristics are described. Comparkns of the mdiance

measurements of this system and a simple pointing radiometer were made in the field and

agreed within 10?6 for measurements at 560 nm and 670 nrn and 25% at 860 nm.

Polarization tests were done in the lab. The acmracy of the intensity measurements is

estimated to be 10%, while the mcuracy of measurements of elements of the Mueller iue

estimated to be 2%.

1. Introduction

The intensity and polarization of skylight have long been studied for many reasons.

Early interest involved explaining natural phenomena such as the color of the sky and

rainbows.12 Since the discovery of sl@ight polarization by Arago in 1809, studies on the

polarization of skylight and neutral points have been emphasizd as these can be used as

indicators of atmospheric turbidity?~



Early nmsumments of skylight polarization were mde dy by visual means. As

the semiconductor technology advanced, new photodetectors in conjunction with computer

technology made the automatic measurements of light and its polarization possible. A large

number of optical systems have been developed for observations of polarized light in

various fields. Coulsonl lists the various types of pokirimeters developed for obsemations

of the earth’s atmosphem and surface. Although photomukiplier tubes have been used as

detectors for most of the systems, some devices use other detectors such as silicon cells or

photographic film for special purposes. Video polarimetry techniques have also been

developed using three TV cameras for atmospheric sciences and CCD cameras for rhe

natural light field.6 Imaging Stokes polarirnetry using CCD image sensors’ has the

advantage of processing data on a pixel-by-pixel basis; thus data over a wide field+f-view

can be obtained. The polarimeter described in this paw takes advantage of Stokes

polarimetry using a CCD image sensor and a “fisheye” lens as the input optics thus

enabling measurement of Stokes parameters over the whole hemisphere.

This system is basai on the RADS-11 ElectrrWptic ‘Tisheye” Camera Radhnce

Distribution System.m This system uses a “Fisheye” camera lens, a filter changer, and a

cooled CCD image sensor to nwasure a hemisphere of the spectral radiance distribution.

With the spectml filter changer, measurement at several spectral bands can be performed in

a short tinw (minutes). By placing dichroic sheet type polarizers in one of the filter wheels,

IUDS-11 becomes

RADS-IIP enables

The data process

an analyzer-type polarimeter (RADS-IIP). Withproper calibration,

spectral meawement of the skylight polarized radianm distribution.

involves taking three data images with the polarizem in difhent

orientations, i.e., the preferred transmission axes oriented in diiTerent directions, and these

images combined to acquire three of the light field Stokes parameters.

In this paper we will discuss the overall design of the RADS-IIP system, and the

calibration steps unique to the pohuhation system, specifically the chmctema. tion of the
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instrument in Mueller matrix representation. Radiomeuic calibration of the IM.DS system

without pol&ization has been described previously and will not be discussed in detail ~

only aspects specific to this system am included and we will show results of a field

comparison with a simple unpolarized radiometer. Spectd polarhtion miiance

distribution meamuements at different sites, aerosol optical thickness, and sun angles will

be presented in a following paper.

2. Background information

It is useful to define the radiometric quantities that we will need. The radiance is

defined as the amount of radiant power, &PA , atwavelength A , within a wavelength

intend W and a differential solid angle d@ which crosses an element of area &l and in

the direction making an angle Oto the normal of A:

L. (fI,@)=
d2Pz (@,@)

cosedAdQdl”
m. (1)

Implicit in the radiance is the directional dependence of the quantity. The collection of

mdiance hformadon for all angles is the radiance distribution. The commonly measmed

quantities of upwelling and downwelling imdiance ~ and E, respectively) axe simply

defined as the cosine weighted integrals of the radiance distributionover the relevantsolid

angles.

To describe the polarized radiance distribution we must have a way to represent the

polarization of the radiance in a given direction. A convenient representation is provided by

the Stokes vector. The electric field vector ~ of the light field can be decomposed into two

components, E, and Ep which repro-sent the magnitude and phase of the electric field

vectors parallel (~) and perpendicular (7’) to a reference plane

E= Ej+Ef. w. (2)
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The rekrence plane is normally defined as the plane containing the incident and scatted

beams in scattering problems. Assuming that a coherent elammagnetic wave propagates

in the Z dirmion (? x ~) with a frequency Q and that amplitudes and phases fm the

electric fields of an electromagnetic wave in the ~ and 7 directions are q,a, and 6,3,,

respectively, then

~= al cos(kz - tot ~), E, = ~cos(kz - ax +5,) Eq. (3)

where k = 27rA is the wave constant. In general, the tip of the electric vector

Eqs. (2) ad (3) forms an ellipse. To describe the elliptically polarimd

described in

wave three

independent parameters, such as those of the Stokes vector,10 (first introduced by Stokesll

in 1852) are needed,

I=EIE~ +E#,”,

Q= EIEl”-E,E,”,

U= EIE,”+E,El”,
q. (4)

v= -i(EIE,” -E,E1*).

For a coherent wave, f, Q, U, and V are red quantities that satisfi the following

equation:

I’=Q2+~+~. q. (5)

Assume the ellipse has a major axis (’lengthb) and a minor axis (length c), and the

major axis makes an angle ~ with the ~direction. The four Stokes parameters can also be

expressed in terms of I, ~, and f3(tan ~ = db) by direct analyses as:

1=1, +1,,

Q=ll-I, =Icos2pcos2~,

U= f cos 29 sin 2%,
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In representing the wave using Eqs. (4) or (6), wc have assumed a constant amplitude

and phase. However, the actual light field consists of many simple waves in very rapid

succession. As a rcsulq measurable intensities are associated with the superposition of

many millions of simple waves with independent phases. In this case it is straigbtfonvard

to prove that

I’2Q2+U2+~. m. (7)

The degree of poMzation, P+, and the degree of linear polarizltiom P(hlear), are

USddpiXiUIX?tfXSand can be defined as:

P+ = (Q2 + U’ + I@’n /1 E@)

P(linear) = (Q’ + @ln / I Eq.(9)

The plane of polarization and the ellipticity are defined as:

tan2z=U/Q, Eq. (lo)

sin2p=v/@2+w+Vy. F@ (11)

For partially polarizd light, the Stokes parameters (1, Q, U, V) can be decomposed

into two vectors, a completely unpolarkd component and elliptically polarizd component

as

Q

u

v

(Q2 +U2 + v2)’i2

1[
f-(Q2+U2+V2)1’2

+0
o

0

E-q. (12)[1
I

Q

u=

v

Transforrnation of a Stokes vector, (l., Q@,U,, V~, into a new Stokes vector, (1, Q, U,

V) by an opticalprocess (scattering,optical elements, reflcctio~ refraction etc.) can be

represented as a linear process with the Mueller matrix:



[1[
I &ill A412 M13 A414’

Q M21 M22 M23 M24

u= M31 M32 M33 M34

v iU41 M42 M43 MU

‘Ie

CL
Ue

v
.0

Eq. (13)

Consider an optical instrument with elements such as birefringent crystals, sheet

pobrizers, quarter-wave plates, imaging lenses, fflters, etc. In general this instrument may

cause absorption, scattering,reflection, and refraction and these actions will be represented

by tie system’s Mueller matrix. If a polarhmion insensitive detector (such as a CCD array

with the light at approximately normal incidence) is placed behind the optical systew then

only the intensity (1)of the light exiting the system is measured. In general this intensity is

due to the system’s Mueller matrix and the Stokes vector of light incident on the system. If

the system Mueller matrix is known and variable, it is possible that combinations of

measurements may be used to measure the Stokes vector of the incoming light fielcL For

example, when a linear polarizer is used as the optical elemen~ its Mueller matrix

represented as follows:

(w’)-’ (%-k2)-

Canbe

d

Eq. (14)

where k, and ~ are the transmittances of the polarizer along the preferred axis and an axk

9(Y to this axis. ~ is the angle between the polarizer preferred transmittance plane and a

reference plane. If a sequence of perfect polarizers (k,=l and ~ = O) with ~ =0’, 45”, W

6



are used as analyzers of an incoming Stokes vector (l., Q., Uo, VJ then the resulting

intensities measured by a detector ak the polarizers would be

(v=@) I,= Io+Qe

(~= 45°) IZ=IO+UO Eq. (15)

(~= 90”) 13= Io-Qe

By Combmln“ “ gthese measurements three elements of the incoming stokes vector l., QOand

U, can be determined. If the circdar polarizadon elemen~ V., is required than an

additional step using a circular polarizer as an analyzer is netxied. In general however, light

in the atmosphere is not circularly polarized, so we will not measure this quantity. In the

ocean, due to the existence of water-air surface, light may undergo total reflection at the

surface and return back to the ocean, this process will introduce a small amount of

circularly P&r&d light.12

These equations form the basis of analyzer polarimeters, such as the RADS IIP. What

must be determin~ through the calibration process, axe the instrumental Mueller matrix

elements with each orientation of the internal polarizers. This calibration process will be

discussed below.

3. Instrument description

The development of the electro-optic radiance disrnbution camera system @S) has

enabled rapid and xzurate measurement of the spectnd radiance distribution.*3’g A block

diagram of this system is given in Fig. 1.

The central f~ of RAIN-II are “Fisheye” optics which allows the mdiancc

distribution over a whole hemisphem ( of spatial directions) to be imaged on the 2-D image

sensor through the imaging optical system, a remotely controlled filter changer assembly

which allows the specmdmeasurement region to be changed rapidly, and, in * C* of
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RADS IIP, a pohrizttion filter wheel which allows the Mueller matrix of the instrument w

be varied.. ‘The integration time of the CCD sensor is determined by an elecammechanical

shutter, which is controlled by a computer interface card. Typical image integration tinxx

are between 0.5 and 15 seconds; thus measurement takes place rapidly. ‘l%e acquired

image is digitized using a 16 bit A/D converter and the digital images are stored in a hanl

drive in the associated IBM/PC computer.

TheccD camera system uses a solid state StarScape II CCD camera from First

Magnitude Corp.,” which adopts the TC215 image sensor from Texas Instrument. lhe

TC215 is a full-fi-arne charged-coupled device (CCD) image sensor that provides high-

resolution image acquisition for image-processing applications. The image fcxmat

~URS 12 mm horizon tally by 12 mm vertically. The image area contains 1018 active

lines with 1000 active pixels per line. Six additional dark reference lines give a total of

1024 lines in the image ~ and 24 additional dark reference pixels per line give a total of

1024 pixels per horizontal line. The digitizer ZiddS32 more dummy kS and 32 more

dummy elements each line, thus the actual size of a digital image is 1056 x 1056 pixels.

The image acquiring software provides binning features and in all of our images the data

were binned into 2x2 pixel samples resulting in a 528 by 528 forrr@ thus the efftztive

pixel size is approximately 24 pm x 24 yrn.

A seriesof lens relay optics transfers the bundle of light rays from the fisheye converter

lens, through the spectml and polarization falters, and then forms an image on the CCD

may. The final image size is 10.66 mm in diameter for a maximum full angle field of view

of 178°, which guarantees the image is well within the 12 mm by 12 mm CCD array. ‘he

maximum deviation of light rays from the instrument optical axis, at the position of the

spectral interference filters, is 12°. This angular dispersion of the light rays is taken into

account in the spectral calibration of the instrument system.
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A. Dark Noise Analysis

In the CCD sensor, dark noise (signal with no light flux incident) of the whole camera

system can be generated by three processes: (a) thermal generation of electrons inside the

sensor array, which depends on sensor tempemture and is by nature random, (b) readout

noise, which depends on readout circuitry, and (c) signal pnxessing noise, which depends

on the signal processing (M3 converter) circuitry. In normal operation the thermo-

electrically cooled TC215 image sensor temperature ranges horn -30° to -40° to reduce the

thermal generation of electrons.

Dark images were obtained by keeping the shutter closed while the CCD was

integrating. Fig. 2 is the typical dark count pattern along a row and column of the same

image. Inactive and dummy pixels on the edges of the image manifest themselves in both

graphs on the left and right sides. As shown, the dark current in an ixnage is far from

uniform. Figure 3 is the variation in the average dark current of a central area of 10 by 10

pixels on the image as a function of time and sensor temperature. This shows that the dark

current increases linearly as we inaease the integration tixm and increases exponentially as

the sensor tempermre increases, as expected15 In all experiments, dark images were

measured -ummdately after data images, keeping the same integration time and

temperature. These dark images are subtracted h the data images during data

processing.
.

Careful investigation of a series of dark images shows that there is also random noise

after the subtraction. In order to reduce this random noise, a series of dark images were

takenunder the same conditions. Images were then added, and the standard deviation of

the whole image was calculated as each image was added. Application of a 3 x 3 averaging

filter to the subtracted image is suffkient to maxink the reduction of this random noise.

B. (hSStdkEff~t



Pixel crosstalk can be defined as the interactionbetween the individual detects

elements of an may detector. Blooming is a particular form of spatial crosstalk that affects

most array detectors. This phenomenon arises when a pixel or a locahzed group of pixels

is overexposed to light. Blooming has appeared while using TC215 imager and manifests

itself as spilling of charge horn saturated pixels into neighboring unsaturated pixels on the

same column. Thus the information content of neighboring pixels is destroyed. This effect

can limit the accuracy and dynamic range of the sensor and is avoided by adjusting the

neutral density filter or exposure time to prevent saturation. In the sky radiance distribution

measurements, an occuher has been adopted to block the direct solar radiation in all field

experiments to avoid this effect and to avoid camera lens “flaring”.

The row-column crosstalk phenomenonlG was also found on the TC215 image sensor.

The existence of this effect requires a correction algorithm be applied in image processing

programs in order to offset this interaction between pixels. Row-column crosstalk means

that the signal in a single pixel will affect another pixel on the same row. Investigations

were made to gain qualitative and quantitative ckacterm “ tion of the phenomenon. An

experiment was performed which illuminated only the central portion of the array. A

typicalresult is shown in Fig. 4. In this figure, there are two lines; one line is the signal

from the pixels of the selected row after the pixels in the illuminated region were exposed to

light (peak between 300 and 400), the other line is the same row in a corresponding dark

image. While counts in the illuminated pixels increased substantially, the counts h

pixels in the nonilluminated region decxeased significantly with respect to dark counts.

This decrease is due to row-column crosstalk effect and is proportional to the counts in the

illuminated region. A row-cohmm crosstalk correction can be accomplished by

determining the crosstalk signal for all pixels located on a given row and subtracting this

finm the net signal of each pixel on that same row. The crosstalk signals for all rows in an

image are determined by the signals in a single column in the dark area of the data irna~
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this single column then is duplicated m form a crosstalk signal image in which every

column has the exact same information. The correction for the entire data image can be

achieved by subtracting this crosstalk signal image km the data image.

C. Shutter control

An experiment was performed to test the shutter<ontrolling signals and the accuracy of

the exposure timing. The period of the signal opening the shutter was measured for a

series of specified integration times. The result was that all input times agree with

memmxitimes within 0.2% ina range of100msto50s. Duetothe reaction time of the

shutter and the finite opening and closing times, a maximum 5 ms absolute error may still

exiss thus in the field we use integration times longer than 0.5 seconds, which makes the

maximum error horn this some approximately 1%.

4. Calibration

Theobjectiveof the RADS-IIP calibration is to obtain a functional relationship between

the incident flux and polarization, and the instrument outpu~ The calibration of the

instrument requires a functional set of data concerning the spectml, spatial, and polarization

characteristics of the instrumen~*7Voss and Zibordi9 discussed the steps required for

radiometric scalar (non-polarized) calibration of a fisheye camera system. Calibration of

the system linearity, spectral response, camera system rolloff, and absolute system

response were performed by these methods. Only the results of these steps will be

discussed.

A. Linearity and Spectral Calibration

Figure 5 shows the result of a test of the system linearity. In the experimental setup a

bariumsulfatereflectanceplaque was illuminated in the normal direction by a stable 1000W

lamp providing source of stable radiance for the camera. The camera viewed the plaque at a

direction45 degreesto thenormal.Thelight intensity incident on the array was controlled

11



by changing the integration h, and an averageof 3 by 3 pixels in the center of the image

was obtained. This result shows that the camera output is not exactly linear but can be

defined accurately over three orders of magnitude by a simple power function, with an

exponent of 1.04.

Interference filters are used in the RADS system to select the spectral band of interest

A calibration was performed to determine the spectral response of the camera system by

illuminating the system with light from a monochrometer and measuring the system

response. Spectral falters 1-4 were found to be centered at 439 nm, 560 ~ 667 ~ and

860 nrn, with full width at half maximum of 10.5 u 10.0 nm, 11.0 nm, and 13.5 nrn

respective y.

Figure 6 is a typical system rolloff me determined in the calibration procesq the

method is described in Voss and Zibordi.9 This cwe was found to be rotationally

symmetric around the optic axis of the camera system, so the regression curve shown was

used in the data reduction process. An absolute calibration of the system response was also

done using a 1000 W lamp (FEL standard lamp traceable to NET’) and a Spectralon

reflectance piaque.

B. Polmhatric Calibration

The Mueller matrix of the camera optical system can be represented as a single 4 x 4 matrix.

Although in theory this Mueller matrix of the optical system can be decomposed into a

chain of matrices that are representations of the individual optical components, it is better to

calibrate the system as one unit using prepared sources of partially polarized light. Since

the CCD array only measures intensity, only the tit row of the total system Mueller matrix

must be determined. In this case we input known sets of l., Q@,U@,and V@,f is measti
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and MI 1, M12,M13, and M14 can be determimi. A convenient set of Stokes vectors to

use as input beams are:18

A=

‘Ia

I*

o
Lo [1

10

-16
B= o c=

o

and D= Eq. (16)

where A is horkntally polarized ligh~ B is vertically polarimd ligh~ C is -5° poharized

ligh~ and D is right-handed circularly polarized light. These beams are sequentially input

into the optical system and the output light intensity recorded in each case. TMs provides

four linear equations, the solution of which determines the requi.nxl elements of the system

Mueller matrix.

Since we produce the linear polarization states with a dichroic sheet polarizer (Gray

polarizing M Edmund Scientii3c)*9we need to measure the spectral polarization and

transmission properties of this polarizer. The principal transmittances of the dichroic

wlarizers used were measured and are shown as functions of wavelength in Fig. 7. The

extinction ratios, i.e., the fraction of light transmitted through a closed pair of pokwizers,

were found to be less than 1% for visible light. Transmission for a single dichroic

polarizer acting alone, ranges from 5% to 50% for visible light. Thus using sheet

polarizers and an unpohrized light source, one can generate the following light beams as

Ho0

input liglm

A=

Ho0

1

0
4-4 Eq. (17)

In generalthe ingoing light undergoes interactions with various optical components of

the RADS. If we number each individual optical element in the order of their presence,
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then the Mueller matrix can be descrkd by the Mueller matrix of a chain of total number of

optical components as follows:

M= .....M~ ~ Ml , Eq. (18)

where ~ is the Mueller matrix of the i-th optical component. For our RADS-11 system,

these optical components are lenses, polarizers, interference color falters, and absorption

neutral density i5hers. For the convenience of our analysis, let us denote the Mueller matrix

of the polarizer as ~. Light interacting with the stiaces of optical components undergoes

refkuxion for lenses, reflection and refmction for interference filters, absorption and

refraction fix neutral density filters.

The Mueller matrix for an isotropic absorption process is the unity matrix (note that

below all Mueller matrices are normaked to Mll, and therefore we use the term of reduced

Mueller matrix). The reduced Mueller matrix for reflection and refraction processes has

been derhwi by Kattawar and Adamsn and has the following form:

Eq. (19)

where a, q, and y depend on incident and refracted angles. These matrix elements are

plotted in Fig. 8 as a function of incident angle assuming light entering glass (relative index

of refraction, 1.5).

The product of a chain of matrices with the form of Eq. (19) has the same SJymnMtryas

Eq. (19), ad h wows us to write the total Muekr matrix as the product of the pol~

Mueller mauix and the Mueller maai.x fa all other optical components. In doing so we

have made an assumption that all the contributions to the camera’s Mueller matrix due tu
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optical components other than polarizrs arc km optical components before the polarizer,

mainly due to the fish-eye input optics. This is reasonable because only at the input stage

are large reiiaction angles involved. Even for the interference falter, every transmitted ray

undergoes two refractions and pairs of reflections. The reduced Mueller matrix for double

reflections at small angles is close to unity and therefore the reduced Mueller matrix for an

interference filter is nothing but double refraction at small angles, which is also close to a

unity matrix. The validity of these assumptions will be tested by experiment. Let ~ be the

Mueller matrix due to optical components other than the polarim, then we can write the

total Mueller matrix as:

M=%~ ~ Eq. (20)

Once k, and ~ for polarizers are known, the Mueller matrix, ~, can be calculated Thus it

is only necessary to measure the Mueller matrix for the camera without a polarimr and the

orientation of the polarizer.

In the following discussions, we use the notation m12(Wl), m13(Wl) and m14(Wl)

to denote the reduced Mueller matrix elements for the polarization filter wheel in position 1

and m12(W2), m13(W2) and m14(W2) for reduced Mueller mati elements for the second

position. Similar notations will be used to describe the Mueller matrix elements for the

third and fourth polarizer positions. There is no polarizer in position 1, but the polarizem

in positions 2, 3, and 4 are oriented at W, 45°,90” relative to an arbitrary axis.

Figure 9 shows that the measured m14 values for the four filter wheel locations ate

close to zero as expected from the form of Eq. (19). The deviations horn mm are caused

by the imperfixt quarter-wave plate employed in the experiment. As we used a quarter-

wave plate (at 5- Melles Griot 02WRMO(19) made of mi~ it can only approximate a

quarter-wave plate at the wavelengths of the RADS-11. The Muelkr matrix elements m12

and m13 arc shown in Figs. 10 and 11. It can be seen that m13(Wl) and m14(Wl) am
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close to zero. These are the Mueller matrix elements of the camera without a polarizer. But

m12(Wl) is not zero and varies with incidence angle as T12TI’11of Fig. 8. These results

show that the total Mueller matrix of the camera (without polarizers) is similar to Eq. (19).

Experimentally m12(Wl) and m13(Wl) were found to be rotationally symmetric

around the optical axis. Similar experiments were also performed to test for spectral

dependence, and it was found that the Mueller matrix is independent of wavelength within

experimental error. In each of these cases the system was found to be rotatiomdly

symmetric, and spectrally constant within 1%.

Whh this method we have the following reduced Mueller matrix elements: m12(Wl),

m13(Wl) = m14(Wl) = O. Applying symmetry principles to the Mueller matrix and

considering there are only nAkctions and refractions involved in the camera case (without

polarizer), the overall Mueller matrix has the same fcmn as Eq. (19). Thus we can assume

rn33(Wl) = m44@/1) = 1, 22223(W1)= m24(Wl) = m34(Wl) = O, and the Mueller matrix

for the cameza (in E-q. (20)) is known. Since the Mueller matrix for a sheet polsrizer is

known, we are able to generate the Mueller matrix of the IUUX3-11fm any direction of view

once the preferred transmission axis of the polarizer is known.

5. Calibration tests

To confirm the accuracy of the scalar (non-polarized) calibration procedures, an

experiment was performed in April 1994 in Key West, Florida in conjunction with the

Hand Held Contrast Reduction Meter (HHCRM).2’ Measurements of the s@ radiance

distribution using IWDS-11 (without pobuizers in place) were obtained at 3 wavelengths

common to both instruments, 558,673, and 866 nm. The measurement site was located at

the edge of Key West, Florida.

While the WS-11 measurement was obtained quickly (typical integration time was 1

second), the HHCR.M measurement had to be taken successively onc point ~ a ti~. WY
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principal plane and almucantor data were taken using the HHCRM. The ahmnnmr

corresponds to directions with the same sun-zmith angle but varying azimuthal angles hrn

the sun. The principal plane is composed of dhections in the plane containing the sun ad

the zenith. The HHCRM measurement sequence took about three minutes for each

wavelength. In the RAM-II measurements an occuher was used to block the direct solar

radiation due to the dynamic range limitation of CCD sensor and to prevent flare km the

direct solar beam in the camera optics. Thus no data is available within 20 degrees of the

sun in the radiance image.

F@ures 12 and 13 compare the FLUX-II data with the HHCRM data for three channels

at wavelengths of 560 nm, 667 nm and 860 nm. It should be noted that the HHCRM has

an approximate pointing inacamwy of 2 degrees. Figure 14 shows the relative difference

of the data in the principal plane for three channels. The difference is computtxl as:

% difference= 100x
HHCRM - RADS

(HHCRiU + RADS)/2
Eq. (21)

becauseof pointing inaccuracies m

IV4.DSsystem enters strongly into

The Principal plane is a mom difficult comparison

the HHCRM and because the rolloff calibration in the

the RADS dataset.

For 560 and 670 nm all the data shown have less than a 10 percent difference. The

agreement between RADS-11data and HHCRM data for 860 nm is per, the difference can

reach as big as 25% when the mdiance value is small, with RADS-11 data always higher.

The gain of the HHCRM is very sensitive to temperature at this wavelen@, thus, the

HHCRM data may not be as accurate at this wavelength.

To test the @rization calibration method (separation of polarkr and camera Mueller

matrices) an experiment was pdonned to measure the Mueller matrix elements directly and

compare with those same elements obtained by matrix transformation @q. (20)). The

experimental setup is similar to the absolute ca.hation method in the way the camera was
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placed and light source arranged. An additional device prepared light beams A, B and C as

in Eq. (17) and the canma viewed a reflectance plaque, illuminated by a 1000W lamp,

through this device. This device is basically a hollow cylinder painted black with a sheet

polarizer placed on a polarizer holder in front of the cylinder. The polarizer can lx mated

around the cylinder’s axis precisely. The aperture of the polarizer allowed a 4 degree field

of view. While tests were done for all three wavelengths, Fig. 15 and 16 show the

comparisons between experimental results and matrix transformation results for 560 nm.

The transformed values differ from the directly measured values only by 1 to 2 %. The

development of the matrix transformation technique for RADS-11 polarimetric calibration

allows the Mueller matrix elements to be computed relatively quickly for the whole

hemisphere.

VI) Camera System Mueller Matrix Elements for the Whole Hemisphere

So far we have illustrated the polarimetric calibration procedures for the R4DS-11 CCD

camera system. Since the Mueller matrix elements depend on the coordinate system, it is

necessary to define the coordinate system used.

Consider an x-y coordinate system on the CCD array with z pointing normal to the

array. All the Mueller matrix elements are represented in this x-y-z coordinate system for

the RADS-11 optical system and in describing the radiative transfer process. For the optical

system of RADS-IIP, each pixel on the array corresponds to a ~nith and azimuth angle.

The 1axis of the system is in the plane defined by the specific look direction and the optic

axis of the system. The zenith and azimuth angles determine the Mueller matrix elenxmts

and therefore determine the polarization signature of the cauxxa system. In the previous

discussions, we have shown that Mueller matrix of the camera does not depend on azimuth

angle (rotationally spmetric around the optic axis). Since we know the geometric

mapping of spatial direction to individual pixel on the amay, it is possible to express the

spatial Mueller matrix in an image forma
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The following figures (Rgs. 17- 18) are example contour plots of the Mueller matcix

element images for M12 and different configurations of polarizers, all generated by using

Eq. (20). The rotationalsyrnmeuyis evident in those images. Ml~l) only slowly

varies with off-axis mnith angle. M12(W2) varies strongly with zenith angle as the

incoming 1 axis is oriented parallel and perpendicular to the transmission axis of the

polarizers orientation, shown in Fig. 17. M12(W3) (shown in Fig. 18) and M12(W4) =

similar only rotated at 45° azimuthally to follow the rotation of the polarizer. Withthese
(effectively) images of the Mueller mairix elements, the Mueller matrix of the c.armra

system is defined exactly. These images then provide a convenient way to store this

information and operate on data acquired in the field

7) Conclusion

We have described the RADS-IIP instrument and have shown through experiment that

the system performs well. We expect that the absoiute calibration of the system is aaurate

with 10% for most channels. Polarization measurements are accurate within approximately

2%. With the images resulting from the polarimetric calibration we can process sets of sky

Aiance disrnbuaon data to obtain polarized spmtral mdiance distributions accumtely and

quickly (~ min.) for all directions. Because all directions are taken simultaneously the

system is well adapted to operate in a changing environment or on a less stable platf~

such as a ship. In a companion paper we will present &ta obtained with the instrument and

investigate aspects of the sky light polarization.
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Figures

Fig. 1) Block diagram of RADS-IIP instrument.

Fig 2) Dade counts (row) and (column). Illustrates the non-uniformity of the dark

signal on the detector. Integration time was 1 s, sensor temperature was -34.5 “C.

15g 3) Dark counts as a function of integration time and sensor temperature. Illustrates

linear relation of dark counts with integration time and exponential relation with sensor

temperature.

Flg 4) Cross talk experiment which illustrates the suppression of counts from pixels in

the same row as a bright pixel.

Flg 5) Linearity calibration. Line is a power fit to the &ta and fits well over three order

of magnitude of light intensity (exponent is 1.04).

Fig 6) Typical rolloff cume found through calibration process.

Fig 7) Measured pMcipal transmittances for the dichroic polarizer used as a function of

wavelength.

Fig 8) Non-zero matrix elements for the reflected and transmitted light due to interaction

with a glass (index of refraction = 1.5) surface.

Fig 9) Reduced matrix elenmt M14 as a function of off-axis angle and polarizadon

filter position.

Fig 10) Reduced matrix element M12 as a function of off-axis angle and polarkation

filter position.

Fig 11) Reduced matrix element M13 as a function of off-axis angle and polarizadon

filter position.

Flg 12) Almucantor comparison of HHCRM and RADS.

Fig 13) Principal plane comparison of HHCRM and IUDS.

Fig 14) Relative difference between HHC!RM and IUDS measurements in the principal

plane at each wavelength.
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Fig 15) M12 direct rmmumncnt and matrix transfixmation mcth~ illustrating how

well the matrix transformation method works to em the system Mueller matrix..

Measurements perfoxmcd at 560 nm.

Fig 16) M13 direct masmmcnt andmatrix transformatbn metho& illustrating how

well the matrix transformation method works to estimate the system Mueller matrix.

Masurcments performed at 560 nm.

Fig 17) M12(W2)

Fig 18) M12(W3)
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