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POPULAR SUMMARY 

The current study provides the remote sensing community with important high 

accuracy laboratory-based diffise reflectance calibration of radiometric tarps. The 

measured samples are witness pieces ffom larger chemically treated field-deployed 

radiometric canvas tarps used as reference reflectance standards in remote sensing 

characterizations. The results illustrate the dependence of tarps' weR and warp threads 

orientation on the diffuse reflectance. The dependence is well defined at all measurement 

geometries and wavelengths. The fitted diffise reflectance shows a very small 

discrepancy fiom the measured one. The forward and backward scatter properties of the 

tarps were also studied. The diffise reflectance characterization of radiometric tarps can 

be successfully extended to other structured surface fabric samples. The results are NIST 

traceable. 
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ABSTRACT 

The current study provides the remote sensing community with important high 

accuracy laboratory-based BRDF calibration of radiometric tarps. The results illustrate the 

dependence of tarps' weft and warp threads orientation on BRDF. The study was done at 

incident angles of 0°, lo0, and 30"; scatter zenith angles fiom 0" to 60°, and scatter azimuth 

angles of 0°, 45", 90°, 135", and 180". The wavelengths were 485nm, 550nm, 633nm and 

800nm. The dependence is well defined at all measurement geometries and wavelengths. It 

can be as high as 8% at O0 incident angle and 2% at 30' incident angle. The fitted BRDF data 

show a very small discrepancy from the measured ones. New data on the forward and 

backscatter properties of radiometric tarps is reported. The backward scatter is well 

pronounced for the white samples. The black sample has well pronounced forward scatter. 

The BRDF characterization of radiometric tarps can be success~lly extended to other 

structured surface fabric samples. The results are NIST traceable. 
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1. INTRODUCTION 

The ability to monitor, understands, and predicts the Earth's climate and 

environmental processes depends on the quality of data from Earth's remote sensing 

instruments. The global nature of Earth's processes requires consistent long-term eaBibration 

of all the instruments involved in data retrieval'. The bidirectional reflectance distribution 

function (BRDF) defines the directional reflection characteristics of an optical surface. It 

gives the reflectance of a target in a specific direction as a function of illu~lainahion m d  

viewing geometry. The BRDF depends on wavelength and reflects the structural and optical 

properties of the surface. Various space and airborne radiometric and imaging remote sensing 

instruments use diffuse scatter plates as calibration sources requiring preflight BRDF 

calibration  measurement^^'^. On-board diffusers are used to trend on-orbit instrument radiance 

or reflectance calibration. Laboratory based diffusers are used for pre-flight instr-ument 

radiance calibrations. BRDF measurements of natural targets are also used for remote sensing 

characterization of vegetation canopies and soils4, oceans5, or especially large polktian 

sources6. 

The data reported in this study is intended to more completely describe the BRDF of 

radiometric tarp samples with particular interest on the effect of tarp weft tread orientabon. 

This study was done in support of the commercial vicarious calibration program at NASA's 

Stennis Space Center, from which the samples were They are witness pieces Gorn 

larger chemically treated field-deployed radiometric canvas tarps used as reference 

reflectance standards in remote sensing characterizations. The radiometric taps were also 

used to perform spatial characterizations measuring the sensors ability to image an edge 

formed by using two contrasting tarps. The tarps are manufactured with strict specifications; 

they are large enough to characterize the spatial characteristics of 1 m ground sample distance 

(GSD) class imagery. The targets can easily be deployed over alternative sites; the proper care 

at deployment is also of great importance. The accuracy of such tarp-based field calibrations 
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depend on an accurate knowledge of the tarps laboratory measured BRDF at a varaetj1 of 

source illumination and detector scatter angles. The reported data is traceable to NBST's 

Special Tri-function Automated Reference Reflectometer (STARR)~ via test standards. 

2. BACKGRO 

The radiometric tarp samples were studied in the Diffuser Calibration Facility at 

NASA's Coddard Space Flight Center (CSFC) using the facility's scatterometer. The 

scatterometer, located in a class 10000 laminar flow cleanroom, is capable of measuring the 

BRDF or bidirectional transmissive distribution function (BTDF) of a wide range of sample 

types including white diffusers, gray-scale diffusers, black painted or anodized diffusers, 

polished or roughened metal surfaces, clean or contaminated mirrors, transmissive diffusers, 

liquids, and granular solids. The operational spectral range of the instrument is from 236) earn 

to 900 nm. The scatterometer facilitates computerized measurements at selected irrciderxt and 

scattered geometries and wavelengths for complete data acquisition. The measurement 

uncertainty, ABRDF, depends on several instrument variables. It was consequently evaluated in 

accordance with NIST guidelines'0 by ~chiff" to be less than 1% (k=l). 

The scatterometer can perform in-plane and out-of-plane BRDF and BTDF 

measurements, and 8' directionaVhemispherical measurements. It consists of a vertical optical 

source table, a sample stage, a detector goniometer, and a computer system for positioning 

control, data collection and analysis. Fig.1 shows the instrument's optical layout. The opt"& 

table can be rotated around its horizontal axis located at the table center to change the incident 

angle, 8i, relative to the sample normal. The optical source table contains two possible light 

sources - a 75 W xenon short-arc lamp coupled to a Chromex 250SM scanning 

monochromator and a Heme laser. Although not shown on Fig. 1, additional laser sources are 
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possible. The xenon lamp assembly is compact and generates an output beam focused onto a 

monochromator entrance slit. A filter wheel is attached to the exit slit to block kgher order 

spectra. Spherical and flat mirrors focus the output monochromatic beam onto a fixed 

aperture. The optical beam is then directed to the sample surface by a spherical and two Rat 

mirrors. The incident light is linearly polarized by a Glan-Thompson polarizer. The optical 

path for the laser source is simpler. Flat mirrors direct the laser beam to the smple. The 

incident beam is collimated by two lenses and linearly polarized by a different GLan- 

Thompson polarizer. When measurements are made with the xenon short-arc l m p  source the 

folding mirror for the laser beam, shown in Fig.1 with dashed line, which would block the 

xenon lamp beam, is removed. 

Fig.:! shows the goniometer mechanism of the scatterorneter. The scattered from the 

sample light is collected using an ultraviolet-enhanced silicon photodiode detector with output 

fed to a computer-controlled lock-in amplifier. The sample is mounted on a sample stage in 

the horizontal plane. The sample stage allows proper positioning of the sample with respect to 

the incident beam. It can be moved in X, Y and Z linear directions using three motors. The 

sample stage provides sample rotation in the horizontal plane around Z axis enabling changes 

in the incident azimuth angle, Ti. The sample stage leveling is adjustable using two mar~ual 

micrometers. Various holders are available to support samples of different sizes, shapes, and 

thicknesses. Samples can be as large as 45 cm square and up to 4.5 kg in weight. However, 

larger and heavier samples can be measured by using an appropriate external sample stage. 

The position of the detector assembly is determined by the scatter zenith and scatter 

azimuth angles. The detector assembly can be rotated around the vertical, Z, and horizontal, 

X, Y axes of the goniometer. As shown in Fig.:! the detector moves along the arc providing 

the ability to make scatter measurements as a function of the scatter zenith angle, 8,. The arc 

rotates 180' around the vertical Z axis which determines the scatter azimuth angle, 9,. The 

center of the illuminated spot on the surface of the sample has to be positioned at the cross 
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point of the three perpendicular goniometer rotation axes, X, Y, Z, coinciding with the center 

of a sphere with radius equal to the distance between that point and the detector's assembly 

cover aperture. 

The operation of the scatterometer is fully computerized. Custom softwxe was 

developed to control all motion, data acquisition, and data analysis. The optical beams are 

mechanically chopped and a lock-in data acquisition technique is used. The electronics 

consists of a motion control module and a lock-in-amplifier. Custom pre-amp embedded into 

the detector housing was also designed and built. 

The Diffuse Calibration Facility has participated in several round-robin12 measurement 

campaigns with domestic and foreign institutions. It has supported a number of NASA a d  

international remote sensing Earth and space projects. Among these are the Total Ozone 

Mapping Spectrometer (TOMS)'~, the Solar Backscatter Ultraviolet 2 (sBuv/~)"",~~ 

Shuttle-borne S B W  (SSBUV)'" the Moderate resolution Imaging Spectroradiomeher 

(MODIS), Landsat-7, the Ozone Mapping and Profiler Suite (OMPS), the Ozone Monitoring 

Instrument (OMI), and the James Webb Space Telescope (JWST). The facility has 

characterized many types of samples including Spectralon, Aluminum diffusers, Barium 

Sulfate, optical elements, Martian regolith ~imulant'~, and leaf litter and soil samples". 

3. EXPE NT 

The BRDF definition and derivation is credited to Nicodemus et all8 who examined 

the problem of defining and measuring the scatter of diffuse and specular optical materrials. 

Following his concept the scatter defining geometry is shown in Fig.3, where the subscripts i 

and s refer to incident and scatter quantities, respectively. Accordingly, the direction of a 

specular beam (forward scatter) is defined as Qi = 0, at A$ = $, - $i = 180' and backwiard 
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scatter as Oi = 8, at A$, = 0'. He also assumed that all scatter comes from the sample surface 

and none from the bulk. He defined the BRDF in radiometric terms as the ratio of the surface 

radiance L, scattered by a surface into the direction (0,, $,) to the incident surface trradia~ce 

incident on a unit area of the surface at a particular wavelength: 

BRDF = d ~ ~ ( @ ~ ,  @i, es, @.r; E:) 

dEi (@i 7 @i ) 
9 

where the subscripts i and s denote incident and scattered respectively, 0 is the zenith, and Q, is 

the azimuth angle. 

Nicodemus further assumed that the beam has a uniform cross section, the illuminated 

area on the sample is isotropic, and all scatter comes from the sample surface. In practice, we 

are dealing with real samples' surfaces which are not isotropic and the optical beams used to 

measure the reflectance are not perfectly uniform. Hence from the practical considerations the 

BRDF can be defined, as presented by stoverI9, as the scattered power per unit solid angle 

normalized by the incident power and the cosine of the detector zenith angle. It is expressed in 

terms of incident power, scattered power and the geometry of incident and reflected light: 

where Pi is the incident power, P, is the scatter power, 0, is the detector zenith angle and L! i s  

the solid angle determined by the area of detector aperture, A, and the distance from the 

sample surface to the limiting aperture at the detector assembly, R, or Q = A/R2. 

We are using the above BRDF expression as it allows for bulk scatter in addition to 

surface scatter and permits non-uniform incident beam profiles. BRDF has units of inverse 

steradians and can range from very small numbers (e.g. off-specula black samples) to very 

large values (e.g. highly reflective samples at specular reflectance). 

Four tarp samples all 10 cm x 10.5 cm cut along the weft and warp thread directions 

were studied. The samples are of similar material structure, possessing a highly regular wme- 
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8' directionalhemispherical reflectance of the same samples was also measured. The 

8' integrating sphere is a separate accessory to the scatterometer. The sphere collects and 

spatially integrates the scattered optical radiation. The sphere interior is Spectralon with a 

typical reflectance of 94% to 99% from the UV to the NIR. The sphere was designed with 

four ports to accommodate the sample, the detector, and the entry of the incident light. A 

fourth port is a spare and is typically closed using a Spectralon plug. The total port area is less 

than 5% of the total surface area of the sphere. It is important to have the radiatisll balance 

established inside the sphere after as few internal reflections as possible. The light illtensity 

incident on the detector should correspond to the average light intensity inside the sphere. An 

interior baffle is employed to block the detector viewing light reflected directly from the 

sample. 

4. RESULTS & DISCUSSION 

The BRDF of the radiometric tarp samples is presented in Figs. 5 to 13. The t q s  8' 

directionalhemispherical reflectance is given in Table 7. The measured BRDF data was also 

fitted using a fifth-degree polynomial regression: Y = A+BX+CX~+DX~+EX~ +kS as the 

calibrated radiometric tarps can be used as a standard samples for remote sensing. The 

coefficients, A, B, C, D, E, and F, given in Tables 1 to 3, were calculated at 485 nm 

wavelength, a scatter azimuth angles of 0°, 45O, 90°, 135O, 180°, and an incident angles of Oo, 

10' and 30' in the scatter zenith angular range from -60' to 60'. The polynorniali mgression 

can be used for deriving BRDF data at random scatter zenith angles for the above-mentioned 

fixed angles and wavelength. The performance was evaluated by the Root-Mean-Squxe Error 

(RMSE), the most commonly used measure of success of numeric prediction. The error bas 

the same dimensions as the predicted values themselves. The RMSE criterion is: 
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where f is the modeled, f is the measured BRDF and N is the number of points measured. 

4.1. BRDF at normal incidence 

The tarps were studied first at normal incident illumination. The BRDF of the smples 

was measured in-plane at O0 and 180' scatter azimuth and out-of-plane at 45', 90" and 135" 

scatter azimuth positions. The scatter zenith angles vary from 10' to 60' in 5' steps. The 

scatter zenith angle of O0 was not measured as at this geometry the detector is obscured by the 

last fold mirror. The BRDF at normal incidence of all tarp samples at wavelength oE 485 nm 

is shown in Fig.5 for scatter azimuth angles 0' and 180'. The scatter zenith angles at 0' scatter 

azimuth are presented in this figure as negative to be in accordance with the standard angular 

convention. In the following discussions, we will refer only to sample 1, as there are not 

substantial differences between the samples except their absolute reflectance. 

The BRDF of sample 1 at 485 nm and at scatter azimuth angles 0°, 45', 90°, 135" and 

180" is shown in Fig.6 as a function for scatter zenith angle at normal incidence illumination. 

The measurements at 550, 633 and 800 nm are not represented as they show the same 

tendencies and would be redundant. Two types of data are presented in Fig.6 - the fitted 

BRDF as plotted from the polynomial coefficients in Table 1, and the measured data points. 

The error between the modeled and measured values is calculated using the RMSE criteria 

described in eq.3. The values for scatter azimuth angles of 0°, 45', 90°, 135O, and 180°, both 

normal and non-normal incidence are given in Table 4 for sample 1 at 485 nm. The lugest 

error is at normal incidence. 2.32~10-~. 

The surface of tarp samples is structured; therefore even at normal incidence theis 

BRDF depends on the weft and warp thread orientation. The scatter from the surface depends 

mainly on the scatter zenith angle. However the weft bumps obscure the detector a's-om 
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viewing the full surface. Therefore the scatter also depends on the scatter azimuth angle 

whether the detector scan plane is perpendicular or not to the weft threads. The BRDF should 

be higher where the tarp weft threads lie parallel to the detector scan plane as 'then the 

obscuration is minimal. The maximum obscuration occurs where the detector scan plane is 

perpendicular to the weft threads, corresponding to lower BRDF. The scatter zenith angle 

contributes to the obscuration effect as the obscuration if higher at larger scatter zenith angles. 

The BRDF of tarp 1 is given in Fig.6. The highest BRDF was recorded at O0 and 180' scatter 

azimuth where the tarp weft threads lie parallel to the detector scan plane. The BRDF 

decreases at 45' and 135' scatter azimuth angles as the detector rotates to an orientation 45' 

relative to the sample weft threads. The lowest BRDF was measured at 90' scatter azimutl~, in 

accordance with our expectations. 

The data in Table 5 show what difference the observer should expect at airborne 

measurements depending on the scatter zenith angle, if assumed the source (Sun) is ah zenith. 

The data in this table represent the deviation in the tarp optical scattering from Lmbertia-s. 

To make the comparison simpler we designate the BRDF at 30' scatter zenith as a reference 

and compare the BRDF at other scatter zenith angles to the 30' value. The BRDF differences 

were calculated from the BRDF data of sample 1 at 485 nm, normal incidence, and scatter 

azimuth angles of 0°, 45', 90°, 135O, and 180'. It was found that the difference could be as 

high as 13% for a 5' scatter zenith angle. The BRDF difference on the scatter zenith angle 

decreases as the wavelength increases. For example the difference between BRDF at 30' and 

5' scatter zenith is 13.02% at 485 nm and 8.83% at 800 nm. The difference between BRDF at 

30' and 60' scatter zenith is -6.65% at 485 nm increasing to 2.76% at 800 nm. 

The dependence of BRDF on wavelength at normal incidence for sample I is given in 

Fig.7 at 485, 550, 633 and 800 nm at scatter azimuth of 0' and 180'. The BRDF doesn't 

change at small scatter zenith angles, while at larger scatter zenith angles the BRDF increases 

with the wavelength. The detector scan plane is parallel to the weft threads at scatter az imth 
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angles of O0 and 180" and perpendicular to them at a scatter azimuth angle of 90'. The BRDF 

dependence on the weft threads is best addressed when the BRDF at scatter azimutla angles of 

O0 and 90' are compared. In this use the weft threads influence is presented in Fig.8 for 

sample I, for wavelengths of 485, 550, and 633 nm. For clarity of presentation the BRDF at 

800 nm is omitted from the figure as it does not give any new information. The difference in 

BRDF of sample 1 at a scatter azimuth O0 vs. the BRDF at a scatter azimuth of 90' is also 

presented in Table 7 at 485, 550, 633, 800 nm. Table 6 summarizes data for both normal and 

non-normal incidence. However in this section we present the norrnal incidence related data 

only. The data obtained at non-normal incidence will be commented in the respective section. 

The BRDF measured at a scatter azimuth of 90' is used as a reference. Since the BRDF at 0' 

is always higher than at 90°, the data in the Table are negative. The difference at normal 

incidence could be as high as -7.99% at 60' scatter zenith at 485 nm and as low as -1.17% at 

10' scatter zenith at 633 nm. The difference in BRDF at O0 vs. 90' increases with scatter 

zenith angle for all wavelengths at normal incidence. It is also higher at shorter wavelengths. 

Although not presented, the results of samples 2, 3 and 4 show the same characteristics. The 

variation in BRDF is due to the weft obscuring effect of the weft structure translabled into the 

data at normal incidence. 

4.2. BRI)F at non-normal incident angles 

The BRDF of the tarp samples at non-normal incident angles is different from that at 

normal incidence. The difference is mainly due to the non-isotropic structure of smple's 

surface. The partial obscuration of the detector view by the weft bumps vlras already 

commented for the case of normal incidence. The same effect is observed at non-normal 

incidence plus the additional shadowing effect of the same weft bumps on the incident to the 

surface light. The weft rows (i) partially obscure the detector view and (ii) the shadow they 

cast reduces the illuminated area of the sample. The two effects reduce the observed BRDF. 
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The relative and absolute straights of these effects depends on the incident angle, scatter 

zenith and azimuth angles, and the orientation of the weft threads relative to the plane of the 

incident light. 

In the process of characterizing the sample BRDF data we fitted the measured points 

using a standard polynomial procedure, similar to what we used at normal incidence. The 

coefficients of the polynomial regression are given in Tables 2 and 3 according to the 

wavelength and measurement geometry for 10' and 30' incident angles. The p o l y n o ~ a l  

regression can be used for deriving BRDF data at random scatter zenith angles at fixed scatter 

azimuth angles at 485 nm. The fitting procedure was applied for scatter zenith angles from 0" 

to 60" except at 180' scatter azimuth where it was applied from 15" to 60' due to the detector 

obscuration at 10" scatter zenith. Two polynomials were used to model the BRDF at the 30' 

incident angle geometry, one for 0' to 25" scatter zenith and one for 35" to 60" scatter zenith 

as the detector is obscured at the 30" scatter zenith angle. 

BRDF versus scatter zenith angle. BRDF data was acquired at 10' and 30' incident 

angles for 0°, 45', 90°, 135' and 180" scatter azimuth positions on all samples. The scatter 

zenith angles vary from 0' to 60' in 5" steps. The BRDF of sample 1 at 485 nm is presented in 

Figs.9 and 10 for 10' and 30' incident angles, respectively. The BRDF of samples 2, 3 and 4 

as well as the measurements at 550, 633 and 800 nm are not presented as they show the salne 

scattering tendencies. Two types of data are presented in the figures - the fitted BRDF curve 

and the measured points. The fitted curves are plotted from the polynomial coefficients as 

given in Table 2 for 10' and Table 3 for 30' incident angles. 

The BRDF at 10' incidence angle was seen to decrease to different extent with 

increasing scatter zenith angle for 0°, 45', and 90" scatter azimuth independently of 

wavelength for all samples. The BRDF data at 180' scatter azimuth follow the tendency as 

discussed for the case of normal incidence. The BRDF in the principal plane is higher at 

scatter zenith angles closest to the angle of incidence. The BRDF at 135' scatter azimuth 
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follow the same pattern although the BRDF values are lower than those measured at 180' 

scatter azimuth. 

Fig.10 shows the BRDF at 30' incident angle and 485 nm for QO, 45", 90", 135' and 

180" scatter azimuth. The BRDF follows the same pattern as at the SO0 incident angle. 

However the BRDF at 180' scatter azimuth is significantly higher than the BRDF at other 

scatter azimuth angles and at smaller scatter zenith angles. 

Backward and Forulard scatter. The BRDF at non-normal incidence describes the 

forward and backward scattering properties of the tarps. The backscatter is calculated by 

simply taking the difference of the BRDF at scatter zenith angles symmetric to the sample 

normal. Tarps 1, 2, 3, called "white" tarps hereafter exhibit well-pronounced backbvxd 

scattering, better expressed at larger incident angles for both lo0 and 30' incident angles as 

shown for tarp 1 in Fig.1 I .  The "white" tarps' backward scattering is better pronounced at 

shorter wavelengths. However the scattering of tarp 4, the "black" tarp, is quite different. This 

sample has well pronounced forward scattering properties as shown in Fig.12, especially at 

30' incident angle. The forward scattering is also very well visible for higher than 25' scatter 

zenith angles at lo0 incidence angle. 

It is not unusual for black materials to have different scatter distributions than lighter 

samples. The tarps used in remote sensing calibrations are generally treated with a pigment of 

titanium dioxide and carbon black and coated with a silicone pigment. The carbon black 

exhibits strong forward scattering properties20. In general, the black materials exhibit a hegher 

degree of polarization through reflection compared to the white materials. We believe the 

forward scattering properties demonstrated by the black sample are due to the carbon black 

used at the manufacturing process and its polarization properties. 

BRDF spectral dependence. The BRDF spectral dependence based on data measured 

at wavelengths of 485, 550, 633 and 800 nm is shown in Fig.13. BRDF of tarp 1 at incident 

angle 30°, scatter azimuth angles of 0" and 180' is presented for scatter zenith angles from 0' 



Laboratory-based BRDF calibration of radiometric &a,ps 

to 60°, in 10" steps. The BRDF spectral dependence at non-normal incidence follows the same 

pattern as at normal incidence, that is, the BRDF increases with the wavelength. AII the 

samples were found to have the same spectral dependence, including the black sample. 

However the BRDF data of the black sample in the visible (485, 550, 633nm) were very 

similar, only the BRDF at 800 nm being higher. This makes the black sample BRDF 

properties spectrally indifferent in the visible range. 

4.3.8' directionaYhemispherica1 measurement 

The 8" directionalhemispherical reflectance of all the tarp samples was measured with 

a HeNe laser at 632.8 nm. The only hardware difference from the experimental setup 

described in the previous section is the use of an 8" directionalhemispherical htegrating 

sphere mounted above the scatterorneter sample stage. The silicon photodiode detector was 

fixed to one port of the sphere. The relationship between sample reflectance md detector 

signal can be parameterized using Spectralon samples of known reflectance. We chose a 3rd 

order polynomial for this parameterization. The coefficients of the p o l y n o ~ a l  were 

calculated by fitting the receiver power measured with a set of 7 gray Spectralon standard 

targets of nominal reflectance 5%, lo%, 20%, 40%, 60%, 80% and 99% with known 8' 

directionalhemispherical reflectance. The measured 8" directionalhemispherica~ refleeta~~ce 

data for each sample are given in Table 7. 

5. CONCLUSIONS 

The BRDF results of four radiometric tarp samples calibrated at NASA's GSFC 

Diffuse Calibration Facility show a strong dependence on the weave orientation relative to the 

measurement geometry. The experimental data shows that the weft and warp theads 
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orientation has a clear effect on BRDF for both normal and non-normal incident angles. Non- 

normal incident angles introduce an additional dependence of BRDF on weave olnentatisn. 

BRDF differences vary and can approach 13.5% for non-normal incidence and 8% for nor~nal 

incident angle. There is also a spectral dependence on BRDF, which is apparent at higher 

scatter zenith angles over the spectral range from 485 to 800 nm for both normal and non- 

normal incidence. The fitted BRDF values show a very small discrepancy from the measured 

ones in both normal and non-normal incident angles. The highest RMSE was calculated to be 

2.32x1U4 st'. The provided polynomial coefficients can be used for calculating the BRDF at 

random scatter zenith angles. The forward and backward scatter properties of the tarps were 

also studied. The backward scatter is well pronounced for the "white" samples - taps 1, 2 and 

3. Tarp 4, the "black" sample, has well pronounced forward scatter. Our cunent 

understanding is that the forward scatter is induced by the used at manufacturing carbon black 

due to its polarization properties. The 8' directional/hemispherical reflectance data 

complements the BRDF measurements. 

The current study provides the remote sensing community with important high 

accuracy BRDF calibration data of radiometric tarps used in the vicarious calibrations of 

satellite instruments. The BRDF data obtained from these studies is important for future 

NASA SSC vicarious calibrations through analysis of the BRDF dependence on weft, w q  

threads orientation. The BRDF characterization of tarp samples as shown in this paper can be 

successfully extended to other structured surface fabric samples. 

The authors would like to thank, among others, Mary Pagnutti and Bob Ryan of 

NASA's Stennis Space Center for making the tarp samples available to us for measurement. 
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Table 1: Polynomial coefficients of the samples at normal incidence, 485 nm 

/ Coefficients 1 Scatter azimuth 1 

F 1 -1.26998~10-~~ 1 -1.53846x10-" / -8.20513~10~" / -1.53846~10-I' 1 -1.28205xl0-"' / 
Sample 4 
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Table 2: Polynomial coefficients of the samples at 10 deg incidence, 485 nm 

Coefficients Scatter azimuth 
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Sample 1 
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Scatter azimuth, deg 

Table 5: The BRDF difference from a reference (BRDF at 30' scatter zenith) measured at 

corresponding scatter zenith and azimuth angles, at normal incidence, sample 1,485 nm 

Scatter 
Scatter azimuth, deg 

zenith, deg 
I 
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Table 6: BRDF difference at scatter azimuth O0 vs 90°, %, sample 1,90° is the base 

Scatter zenith 

Normal incidence 

485 nm 550 nm 633 nm 800 nrn 
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Table 7: 8' directionaVhemispherica1 reflectance at 632.8 nm 
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FIGURE CAPTIONS 

Fig.l: Scatterometer optical setup 

Fig.2: Scatterometer goniometer mechanism 

Fig.3: Geometry of incident and reflected elementary beams 

Fig.$: Microscopic image of tarp sample 1, where the weft (tight) threads are horizontal and 

warp (woven) threads are vertical 

Fig.5: In-plane BRDF of tarps 1 to 4 at normal incidence, 485nm, 0" and 180" scatter azimuth 

Fig.6: BRDF of tarp 1 at normal incidence, at different scatter azimuth angles, 485nm, model 

and experimental points 

Fig.7: BRDF of tarp 1 at normal incidence, 485, 550, 633, and 800 nm, 0' and 180" scatter 

azimuth angle 

Fig.8: BRDF of tarp 1 at normal incidence, 485,550, and 633 nm, 90' scatter azimuth angle 

Fig.9: BRDF of tarp 1 at 10' incidence at different scatter azimuth angles, 485111x1, model and 

experimental points 

Fig.10: BRDF of tarp 1 at 30" incidence at different scatter azimuth angles, 485nm, model 

and experimental points 

Fig.ll: Forward - Backward scatter, tarp 1,485 and 800 nm, 10" and 30' incident angle 

Fig.12: Forward - Backward scatter, tarp 4,485 and 800 nm, 10" and 30" incident angle 

Fig.13: Tarp sample 1 at 30' incidence, 485nm, 550nm, 633nm, and 800nm 
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Fig.1: Scatterometer optical setup 
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Fig.2: Scatterorneter goniorneter mechanism 
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Fig.3: BRDF function incident and scattered radiation geometry after Nicodemus 
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Fig.4: Microscopic image of tarp sample 1, where the weft (tight) threads are horizontal and 

warp (woven) threads are vertical 
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Fig.5: In-plane BRDF of tarps 1 to 4 at normal incidence, 485nm, 0' and 180' scatter azimuth 
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20 30 40 50 60 
Scatter zenith angle, deg . 

Fig.6: BRDF of tarp 1 at normal incidence at different scatter azimuth angles, 485111x1, model 

and experimental points 
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Fig.7: BRDF of tarp 1 at normal incidence, 485,550,633, and 800 nm, 0' and 180' scatter 

azimuth angles 
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Fig.8: BRDF of tarp 1 at normal incidence, 485,550, and 633 nm, 0' and 90' scatter azimuth 

angles 
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Fig.9: BRDF of tarp 1 at 10' incidence at different scatter azimuth angles, 485nm, model and 

experimental points 
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Fig.10: BRDF of tarp 1 at 30' incidence at different scatter azimuth angles, 485nm, model 

and experimental points 
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Fig.11: Forward - Backward scatter, tarp 1,485 and 800 nm, 10' and 30' incident angles 
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Scatter zenith angle, deg 

Fig.12: Forward - Backward scatter, tarp 4,485 and 800 nm, 10' and 30' incident angle 
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Fig.13: Tarp sample 1 at 30' incidence, 485nm, 550nm, 633nm, and 800nm 




