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Abstract 
Chemically treated canvas tarps of large dimension (8 by 8 m) 
can be deployed within the field of view of airborne digital 
sensors to provide a stable ground reference for converting image 
digital number IDN) to sqface reflectance factor (p). However, 
the accuracy of such tarp-based conversion is dependent upon 
a good knowledge of tarp p at a variety of solar and view angles 
(0, and 03, and upon good care and proper deployment of tarps. 
In this study, a set of tarps of p mngingfrom 0.04 to 0.64 were 
evaluated to determine the magnitude of error in measured tarp 
p associated with variations in 0,, 0, and for reasonable levels 
of tarp dirtiness. Results showed that, for operational values of 
0, and 0, and for reasonable levels of tarp dirtiness, the variation 
of measured tarp p from the factory-designated p could easily be 
greater than 50 percent. On the other hand, we found that, if 
tarps were deployed correctly and kept clean through careful use 
and periodic cleaning, and if tarp p was determined through 
calibration equations that account for both 0, and 0 ,  the greatest 
sources of error were minimized. General calibmtion equations 
were derived and provided here; these will be useful for appli- 
cations with tarps of the same factory-designated p values as 
those used in this study. Furthermore, equations were provided 
to allow calibration coefficients to be determined from the 
value of factory-designated p for the visible and near-infrared 
spectral bands. The major limitation of tarps as calibration 
sources was related to the difficulty associated with deploying 
heavy, cumbersome tarps under normal field conditions 
characterized by moderate wind, dust, heat, and possibly mud. 
This study should provide tarp users with the information 
necessary to properly deploy tarps and process results for 
accurate image interpretation. 

Introduction 
With recent advances in multispectral video and digital 
imaging sensors, there has been a surge in commercial compa- 
nies offering aircraft-based, spectrally filtered, visible and near- 
infrared (NIR) digital images to agricultural customers. These 
products become far more valuable if the digital numbers (DN) 
can be converted to a value that is independent of atmospheric 
and insolation variations, and is thus comparable over time for 
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monitoring seasonal crop and soil conditions. The reflectance 
factor (the ratio of reflected and incident radiation at the sur- 
face) is such a value, and has become the basic measurement 
required for most remote sensing algorithms and models. One 
approach for converting DN to values of surface reflectance fac- 
tor (p) has been to derive a linear regression equation between 
DN and p, based on targets of known p within the flight line of 
the airborne sensors. Chemically treated canvas tarps of large 
dimensions (8 m by 8 m) have been used to provide the stable 
ground references needed for this approach (Teillet et al., 1987; 
O'Neill et al., 1997). Such tarps are commercially available 
with stipulations of pranging from 0.02 to 0.80 and p stability 
through the visible and NE spectrum. 

Several issues must be addressed for proper deployment of 
such tarps. First, the calibration provided by commercial pro- 
ducers is a directionallhemispherical calibration measured 
with an integrating-sphere spectrophotometer system such as 
that described by Zerlaut and Anderson (1981). In the nomen- 
clature of Hsia and Weidner (1981), the directionallhemi- 
spherical reflectance factor would be designated by p(OOlh), 
where the first parenthetical term refers to the view angle of the 
radiometer (where a view normal to the target is 0") and the sec- 
ond term refers to the light source angle (where irradiance from 
a hemisphere is termed h). There is ample evidence (e.g., Jack- 
son et al., 1987) that p(OOlh) differs from the reflectance factor 
measured in field conditions with the sun as the illumination 
source, termed directionalldirectional reflectance factor or 
p(O0leS), where 8, is the solar zenith angle. Because of its depen- 
dence on incidence angle, p(OOIBs) is considerably more sensi- 
tive to the non-Lambertian properties of the reference tarp than 
is p(OOlh). Thus, a calibration equation for field deployment of 
such tarps must be derived as a function of solar zenith angle. 
Furthermore, this calibration equation must account for varia- 
tions in the view angle of the sensor (e,), where the directionall 
directional reflectance factor is p(O,lB,). Finally, once these 
equations are derived, their effectiveness under long term field 
conditions must be evaluated. 

In this report, we addressed the issues of tarp directional1 
directional calibration, and the change in tarp properties with 
long term field deployment. Swatches from several tarps of 
p(OOlh) = 0.04,0.08,0.32,0.48, and 0.64 were calibrated using 
a goniometer and the field techniques described by Jackson et 
a). (1987; 19921, resulting in polynomial equations relating 
swatch p(OOIBs) to solar zenith angle for each spectral band. 
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These equations were used to evaluate the non-lambertian 
properties of the tarps over the visible, NIR, and shortwave IR 
( sm)  spectrum, and to determine if general calibration equa- 
tions could be derived for universal application. 

The variation in p(9,I 8,) due to sensor viewing angle (8,) 
was measured for tarps of p(OOlh) = 0.04,0.08,0.48, and 0.64 
over a range of 8, from - 55" to f55". These measurements were 
used to model the bidirectional reflectance factor distribution 
function (BRDF) of the tarps and provide a simple correction 
equation to account for effects of both 8, and 8,. 

In collaboration with a private company, RESOURCE211 
(R21, Englewood, Colorado), we evaluated nine sets of tarps of 
vxrying condition, each set consisting of tarps of p(OOlh) = 0.04, 
0.08,0.48, and 0.64 (i.e., 36 sample tarps of 8 by 8 meters). This 
collection of tarps allowed us to validate the goniometer- 
derived calibration equations and determine if calibration 
adjustments needed to be made for physical changes in the 
tarps over time. 

Materials and Methods 
The tarps used in this analysis were manufactured by Tracor 
GIE (Austin, Texas). Tracor GIE supplies tarps of two substrate 
materials: woven polyester and spun bonded non-woven poly- 
ester (referred to herein as woven and non-woven materials, 
respectively). The woven material is heavier, more durable, and 
more expensive than the non-woven material, where the latter 
has an expected life span of 90 deployments. The non-woven 
material is offered by Tracor GIE to negate the need for constant 
calibration checks and repairs; that is, the tarp can be economi- 
cally replaced with a new tarp before the occurrence of rnate- 
rial or chemical degradation. To attain the specified p(OOlh) 
characteristics, both woven and non-woven tarps are treated 
with a pigment of titanium dioxide and carbon black, and 
coated with a pigmented acrylic resin. 

The following sections cover the methods used in (1) tarp 
calibration related to 8,, (2) evaluation of tarp temporal degra- 
dation, and (3) tarp calibration related to 8, 

Tarp Calibration Related to 4 
In 1995, scientists at several U.S. Department of Agriculture 
(USDA) and University locations acquired a set of 1 2  8- by 8-m 
woven reference tarps with a variety of p(OOlh) values from Tra- 
tor GIE. One tarp (p(OOlh) = 0.32) was also chemically treated 
to provide a constant emissivity over the spectral range 8 to 1 2  
pm. In 1997, we obtained the 36 non-woven tarps from R21 
(referred to above) which were originally produced by Tracor 
GIE and hadp(OOlh) values of 0.04,0.08,0.48, and 0.64. With 
each tarp, Tracor GIE provided a 0.7- by 1.4-m swatch of the 
same material treated in the same chemical solutions for cali- 
bration purposes. Each swatch was then cut to a size of 0.7 m by 
0.7 m and stapled to a 0.7- by 0.7-m plywood board (of 6 mm 
thickness) that had been painted (three coats) with a flat black 
paint. These board-mounted swatches were the right size for 
comparison with reference panels of known p(OOl 8,) and for use 
with the field goniometer. 

The field goniometer used for this study was the same as 
that used by Jackson et al. (1987; 1992). The goniometer pro- 
vides a calibration based on conditions similar to those encoun- 
tered in the field; that is, the sun and sky are the sources of 
irradiance and the calibration measurements are made with the 
same radiometer and data logger used for subsequent field 

measurements (Walter-Shea et al., 1993). The procedures for 
goniometer measurements and data processing were in strict 
accordance with the procedures outlined by Jackson et al. 
(1987; 1992) and Walter-Shea and Biehl(1990). All swatches 
were cross-referenced to a sintered polytetrafluorethylene 
(trade name Spectralon) reference panel provided by Lab- 
sphere (North Sutton, New Hampshire) which had been cali- 
brated to a pressed halon standard in 1991 by Jackson et al. 
(1992) and then stored until it was used for this calibration. For 
each swatch, voltages were measured with a Modular Multi- 
spectral Radiometer (MMR) at seven solar incidence angles (15", 
19.4", 2g0, 39.Z0, 48.8", 58.8", and 67.9"). The MMRwas filtered 
to six spectral bands, similar to several of the Landsat Thematic 
Mapper (TM) spectral bands: (bl) 0.45 to 0.52 pm; (b210.52 to 
0.60 pm; (b3) 0.63 to 0.69 pm; (b4) 0.76 to 0.90 pm; (b5) 1.15 to 
1.30 pm; and (b6) 1.55 to 1.75 pm. 

In accordance with suggestions by Jackson et aI. (1992), we 
fit a quadratic equation through the voltagelsolar zenith angle 
data at four angles (15", 19.4", 29", and 39.2") and usedthat to 
predict a voltage value at lo0. With the cross-reference to the 
calibrated Spectralon panel and the goniometer information of 
spectral voltages at eight solar zenith angles, we derived fourth- 
order polynomial relations between p(0°18s) and solar zenith 
angIes from 10 to 68" for the swatches (for each of i spectral 
bands), where 

The order of the polynomial was selected to allow comparison 
with the fourth-order polynomials derived by Jackson et al. 
(1992) for Spectralon panels. 

Goniometer-based calibrations were conducted on two 
dates in 1995 and 1997. In 1995, we calibrated ten swatches of 
the woven tarps ofp(o0/h) = 0.04,0.08,0.32, and 0.48; in 1997, 
we calibrated four swatches of non-woven tarps of p(OOlh) = 
0.04,0.08,0.48, and 0.64; and we repeated the calibrations of 
four selectedwoven tarps of p(OOlh) = 0.04,0.08,0.32, and0.48.~ 
During the two years between calibrations, the woven swatches 
were stored in a cool, dry room within a dark box to minimize 
surface degradation. The two calibrations were designed to 
determine calibration equations for the multiple woven and 
non-woven swatches, and to quantify temporal tarp degrada- 
tion by repeating calibrations of selected swatches. 

Tarp Temporal Degradation 
The physical changes of tarp p(O0lBS) over time was evaluated 
based on the 36 non-woven, 8- by 8-m tarps deployed by R21 
during the crop growing season in 1997 (April through Octo- 
ber). In support of bi-weekly aircraft overpasses, R21 deployed 
these tarps sets (ofp(oOlh) = 0.04,0.08,0.48, and 0.64) at loca- 
tions in Texas, Nebraska, Iowa, California, and Alberta, Can- 
ada. At the end of the season, these tarps were delivered to our 
location in Arizona for post-season calibration. Because the 
tarps were of size 8 m by 8 m, it was impossible to use the goni- 
ometer for calibration. Instead, we laid the tarps out in a strate- 
gic configuration to allow rapid measurements with a yoke- 
based spectral radiometer at a variety of 8,. 

The tarps were split into three groups of 1 2  tarps each. Each 
tarp was folded in half with the bottom side up, and piled one 

'Woven swatches were designated by the value of p(o0lh) followed by 
'The use of company names and brand names are necessary to report a letter to discriminate swatches of the same p(Oolh) (e.g., the three 
factually on available data; however, the USDA neither guarantees woven swatches p(OOlh) = 0.04 were designated 0.04a, 0.04b, and 
nor warrants the standard of the product, and the use of the name by 0.04~). Non-woven swatches were designated by the value of 
USDA implies no approval of the product to the exclusion of others p(Oolh) followed by "n" for non-woven (e.g., the non-woven swatch 
that may also be suitable. of p(OOlh) = 0.04 was designated 0.04n). 
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on top of the other in three side-by-side piles. Then, one-by- 
one, the top side of the tarp was exposed by peeling back a sec- 
tion of size 2 m by 8 m. This allowed the operators carrying a 
yoke-mounted Exotech to measure p(OOl 0,) of three tarps along 
a single transect. The Exotech is a radiometer with filters simi- 
lar to the MMR except that it does not include the SwIR bands. 
The measurements of p(O0l€JS) made with the MMR and Exotech 
were in close agreement (differences less than 0.01 p(OOIB,) in 
all bands), so we considered the readings interchangeable. 

After each tarp was measured, the underlying tarp was 
exposed to allow the yoke operators to repeat the transect and 
measure p(OOIBs) of the next three tarps. With this configuration, 
it was possible to measure p(OOIBs) of all 36 tarps within a 20- 
minute period. On the measurement day, the weather was 
excellent for data collection all day; there were no clouds in 
sight and the sky was bright blue. We repeated the yoke mea- 
surements at three solar zenith angles: 3g0, 51°, and 59". Mea- 
surements of a 0.6- by 0.6-m Spectralon reference panel were 
made every five minutes through the tarp measurements. 

It was visually apparent that the R21 t aps  were in different 
stages of dirtiness due to different conditions at the five field 
locations. To record these differences, a team of three scientists 
made a visual estimate of tarp dirtiness, and classified the tarps 
into four subjective classes: clean, somewhat dirty, dirty, and 
very dirty. These classes were used in the subsequent analysis 
to explain differences in tarp p(0"lBS). 

We conducted an additional experiment designed specifi- 
cally to address the issues of tarp dirtiness. We again mounted 
the swatches of the tarps ofp(O0lh) = 0.04,0.08,0.48, and 0.64 
on painted boards, and used the MMR and the goniometer to 
measure p(OOIBs) of the swatches at four solar zenith angles (15", 
29", 49", and 68"). This process was repeated for clean swatches 
and for dirty swatches. The "clean" swatches were simply the 
swatches that we received from aacor GIE which had been 
stored in a cool, dark closet for the past year. After goniometer 
measurements were made on the clean swatches, we scattered 
one handful of dry soil on each swatch; we rubbed the soil into 
the swatch with a cotton rag (to simulate a dirty tarp that had 
been folded repeatedly); and then we brushed it off again, pro- 
ducing the "dirty" swatch. Subsequently, a set of goniometer 
measurements was made of these swatches at four solar zenith 
angles. 

This experiment resulted in measurements of MMR voltage 
at four solar zenith angles for swatches ofboth levels of cleanli- 
ness. According to the technique described by Jackson et al. 
(1987; 1992), we subtracted the voltage associated with the var- 
ying diffuse radiation (measured using a sun shade) from the 
total voltage measured. Then, we divided the voltage by cos(Bs) 
to obtain comparable voltage measurements for determining 
the percentage change in tarp p(OOl BJ due to dirtiness. 

Tarp Calibration Related to 4 
Several R21 tarps were used to evaluate the influence of varying 
8, on the tarp p(BvlBs). This was accomplished by mounting an 
Exotech radiometer on an apparatus designed at the UsDA-ARs 
Water Conservation Laboratory to measure p(BvlBs) (Jackson et 
al., 1990). The radiometer, when looking at nadir view, is 2.5 m 
above the tarp. The apparatus has a movable arm that allows 
the sensor to be positioned at different view angles. Attached to 
the radiometer was a clinometer to automatically record the 
view angles. By different alignment of the apparatus base, the 
t aps  could be scanned from different directions (along the 
principle plane of the sun, 45" off principal plane, and 90" off 
principal plane) at different solar angles. The nadir view angle 
measurements could then be compared with the yoke-based 
measurements for validation. 

Measurements of p(BvlBs) were made over four tarps of 
p(OOlh) = 0.04,0.08,0.48, and 0.64 at two solar zenith angles, 
viewing angles from + 55" to -55", and three scanning planes. 

This experiment was conducted in a large parking lot with three 
small but bright buildings on the north side and a big Quonset 
hut to the south. These surroundings may have affected the 
p(BvlBs) measurements made in the 90" viewing plane due to 
reflected radiance from the buildings; thus, measurements 
made in that plane were not used in the subsequent BRDF 
model inversion. 

Results 
Similar to the Materials and Methods Section, results are pre- 
sented in three parts covering tarp calibration related to Bs, tarp 
temporal degradation, and tarp calibration related to 8, 

Tarp Calibration Related to 4 
The tarp calibration related to changing Bs was conducted 
exclusively with tarp swatches using the field goniometer. 
Results include a validation of the method, an evaluation of 
tarp response, the derivation of a "general" calibration equa- 
tion, and a comparison of calibrations for woven and non- 
woven tarp swatches. 

Calibration of the Reference Spectralon Panel Measured in 
1991 and 1995 
The goniometer measurements provided a relation for each 
swatch between the voltage (V) measured by the radiometer 
and a range of solar zenith angles. In order to obtain p(OOles) 
from V(OOIBs), it was necessary to cross-calibrate each swatch 
with a panel of known p(BvlBJ (see Walter-Shea and Biehl 
(1990), Appendix I). In works by Jackson et al. (1987; 1992), 
Spectralon panels were calibrated with reference to a pressed 
halon standard and found to have stable values of p(O0lBS) over 
time. So, rather than use a pressed halon standard which is dif- 
ficult and expensive to prepare, for this calibration we used a 
Spectralon panel that had been calibrated in 1991 by Jackson et 
al. (1992) and carefully stored for this purpose. 

To assure that the Spectralon calibration from 1991 had not 
changed appreciably, we measured the non-larnbertian charac- 
teristics of the Spectralon panel during the 1995 goniometer 
study. Fourth-order polynomials were derived from the volt- 
ages measured at seven solar zenith angles (15" to 68") for the 
two goniometer runs. To compare the shapes of relations mea- 
sured in 1995 to the shape of the relation obtained in 1991 for 
the Spectralon panel, we computed the ratio of p(0"/45"),,,, 
and V(0"/45"),,,, for each band, and multiplied the polynomial 
coefficients of the 1995 calibration equations by this value to 
obtain equations which produced identical values of p(o0/45"). 
For all bands, the mean absolute difference between the 1995 
normalized voltage and the 1991 p(OO/B,) was less than 0.005. 
With this indirect validation, we assumed that it was proper to 
use the Spectralon panel for cross-calibration in the 1995 and 
1997 studies, with the 1991 Spectralon calibration equation. 

Goniometer-Based Calibration of Woven Swatches 
For woven swatches of p(OOlh) > 0.08, we computed fourth- 
order absolute calibration equations using eight solar zenith 
angles (10" to 68") for the six spectral bands. For woven 
swatches of p(O0lh) 0.08, the signal-to-noise ratio was low for 
large solar zenith angles, so fourth-order equations were fit 
using six solar zenith angles (10" to 50"). In all cases, the r2 val- 
ues of the regression equations were greater than 0.99. The 
results for woven swatches of several p(oOlh) values covering 
spectral bands from 0.45 to 1.75 pm (MMR b l  to b6) are pre- 
sented in Figure 1. All swatches exhibited substantial non- 
lambertian behavior over the range of solar zenith angles from 
10 to 70". Furthermore, the absolute values of p(~"lB,) and the 
non-lambertian characteristics of the SWIR spectral bands b5 
and b6 were substantially different from those of the visible 
and near-infrared spectral bands b l  to b4. 
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Figure 1. Directional/directional reflectance factor values 
p(OO/Bs) for woven swatches 0.04a, 0.08, 0.32a, 0.32b, and 
0.48a over the range of solar zenith angles 10" to 68" for the 
MMR spectral bands b l  to b6 (covering 0.45 to 1.75 bm). 
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It is notable that, for b l  to b4, p(0°/450) was close to Tracor- 
specified values of p(OOlh) whereas, for b5 and b6, the differ- 
ence between p(0°/450) and p(OOlh) was a function of p(OOlh). 
That is, for the S ~ V I R  spectral bands, the value of p(0°/450) devi- 
ated substantially from p(OOlh), and the magnitude and direc- 
tion of the variation appeared to be related to the sww 
wavelength and value of p(OOlh). Results presented in Figure 1 
showed that swatch 0.32b (the swatch chemically treated for 
the property of constant emissivity) had different p(OOl 8,) prop- 
erties from those of swatch 0.32a, though both swatches had 
Tracor calibration of p(OOlh) = 0.32. This may have been due to 
the "sparkly" appearance of swatch 0.32b in the sunlight, 
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which may have resulted in some specular reflectance from the 
treated surface. 

The "shapes" of the calibration equations differed by band 
and by value of p(OOlh), and in units of absolute p(OOIBs), the 
swatches of lower p(OOlh) had flatter shapes. To analyze the shape 
of the relation between p(OOIBs) and 0, independently of p(oOlh], 
the curves for all bands of each swatch were normalized by 
adjusting the intercept (a,) to force a value of 1.0 at 8, = 45'. W o  
trends were apparent (Figure 2). First, the greatest relative non- 
lambertian properties were associated with the swatches of lowest 
p(OOlh). For swatches ofp(OOlh) = 0.04, the p(OOllOO) was nearly 1.6 
times p(0°/45"). Second, the widening of the set of lines as angles 
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p(OO/Bs) for several woven swatches and spectral bands (bl 
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deviated h m  45" indicated that non-lambertian characteristics 
were different for different bands. The degree of "widening dif- 
fered by swatch, where the non-lambertian properties of swatches 
of p(Oolh) = 0.32 were uniform across all bands and those of 
swatches of p(o0lh) = 0.48 were non-uniform. 

Derivation of General Tnrp Calibration Equations for Woven 
Swatches 
Because we had three swatches of p(oolh) = 0.04 and four 
swatches of p(Oalh) = 0.48, it was possible to explore the poten- 
tial for "general" calibration equations that could be applied to 
other tarps produced by Tracor GIE under well-controlled, 

reproducible conditions. The p(OOIBs) for each band for 
swatches of the same p(OOlh) were relatively similar. The mean 
absolute difference (MAD) between p(0°18,) of swatch O.04a and 
that of swatches 0.04b and 0.04~ (all p(OOlh) = 0.04) was less 
than 0.006 for b l  to b4 and nearly 0.01 for b5 and b6. The aver- 
age MAD between p(OOIBs) of swatch 0.48a and that of swatches 
0.48b to 0.48d (all p(OOlh) = 0.48) was less than 0.025 for b l  to 
b4 and nearly 0.04 for b5 and b6. Because this variation in 
p(O0lBS) was far less than the variation associated with the non- 
lambertian behavior of the swatches (Figure I), we felt justified 
in suggesting general equations for tarps of the four p(OOlh) val- 
ues measured in this study. 
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TABLE 1. POLYNOMIAL EQUATIONS RELATING p(Oo/&) AND 6 FOR WOVEN SWATCHES OF p(OO/h) = 0.04, 0.08, 0.32, 0.32+, AN0 0.48, WHERE p(v/@,) = 
a0.i + ai,, 8, + a2,& + as,& f ad,,@, AND b l  TO b6 ARETHE MMR SPECTRAL WAVELENGTH BANDS IN THE VISIBLE, NIR, AND SWIR SPECTRUM. 
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p(oolh) = 0.04 ~ O J  01,i a2.1 
b l  0.082 -1.3593-03 1.9113-05 
b2 0.072 -1.0893-03 1.4503-05 
b3 0.065 -9.2113-04 1.1033-05 
b4 0.064 -9.9543-04 1.5563-05 
b5 0.067 -1.0383-03 1.6833-05 
b6 0.067 -1,1753-03 2.5873-05 

p(OOlh) = 0.08 
bl 0.151 -2.7273-03 4.4033-05 
b2 0.135 -2.2733-03 3.7033-05 
b3 0.123 -1,9603-03 3.2973-05 
b4 0.114 -2.0263-03 4.0323-05 
b5 0.116 -2.1663-03 4.4873-05 
b6 0.108 -1.7853-03 3.8003-05 

~(0"/h) = 0.32 
b l  0.427 -4.3473-03 7.7083-05 
b2 0.436 -4.4853-03 8.2323-05 
b3 0.438 -4.1433-03 7.0743-05 
b4 0.445 -4.2643-03 7.1513-05 
b5 0.491 -5.1753-03 9.5763-05 
b6 0.517 -4.8613-03 7.4793-05 

p(Oolh) = 0.32 + (chemically treated for constant emissivity over the spectral range 8 to 12 q) 
bl  0.348 -3.8853-03 7.6363-05 
b2 0.353 -3.7493-03 6.7493-05 
b3 0.356 -3.9403-03 7.8043-05 
b4 0.365 -3.9943-03 7.6773-05 
b5 0.390 -4.0873-03 7.7743-05 
b6 0.411 -4.0863-03 7.2013-05 

p(OOlh) = 0.48 
b l  0.649 -5.6303-03 9.0963-05 
b2 0.630 -5.0293-03 8.4193-05 
b3 0.613 -4.6803-03 8.4953-05 
b4 0.605 -4.2543-03 7.7113-05 
b5 0.597 -3.6453-03 7.0273-05 
b6 0.534 -2.9113-03 5.6643-05 

The general equations for tarps of p(OOlh) = 0.04,0.08,0.32, 
0.32+ (plus emissivity treatment), and 0.48 are listed in Table 1. 
The general equations for tarps of p(O0lh) = 0.08,0.32, and 0.32+ 
are simply the equations derived for the one swatch that was mea- 
sured (swatches labeled 0.08,0.32a, and 0.32b). The general equa- 
tions for tarps of p(OOlh) = 0.04 and 0.48 are fourth-order equations 
fitted to the average of measurements for the three tarps of p(OOlh) 
= 0.04 and four tarps of p(OOlh) = 0.48, respectively, with r2 val- 
ues greater than 0.99 for all bands in both cases. 

The general equations listed in Table 1 will be useful for 
appIications with tarps of the same p(OOlh) values as those used 
in this study. However, Tracor GIE offers tarps at many intermedi- 
ate values of p(OOlh), ranging from 0.02 to 0.80. Thus, it would 
also be useful to have a means of deriving reasonable calibration 
equations for tarps of any value of p(OOlh). One approach would be 
to define relations between p(OOlh) and corresponding values of 
the polynomial coefficients ao,i to from Equation 1. 

We plotted the values of ao,, to from Table 1 for each band 
against the value of p(OOlh) (Figure 3).= For b l  to b4, there was a 
logical progression of the values of the coefficients with increas- 
ing p(OOlh) that could be fit with a second-order polynomial with 
r2 values greater than 0.95. For b5 and b6, the progression of val- 
ues was less reliable and required higher order polynomial fits to 
retain high correlation coefficients. Because there were only four 
values of p(OOlh) from which to derive this relation, we felt that 
results from this approach were only reliable for b l  to b4. Based 
on the equations listed in Table 2, the coefficients to a4,1-4 

3Because of the unusual behavior of 0.32b (with emissivity treatment), 
it was not included in this analysis. 

could be derived for any tarp of 0.04 < p(oOlh] < 0.48. These 
results cannot be validated here because all the swatches were 
used in derivation of the equations in Table 2. 

Comparison of Calibrations for Woven and Non-Woven 
Swatches 
To compare the p(OO/B,) of the woven and non-woven swatches 
of the same p(OOlh), we calibrated pairs of woven and non- 
woven swatches of similar p(OOlh) values. Calibration results 
for four non-woven tarps are listed in Table 3. The percent dif- 
ference between woven and non-woven p[0°18,) was computed 
as A% = (p(OOIB,),on-wov, - ~ ( O ~ l ~ s ) w m n ) l ~ ( O ~ / 8 s ) w o v e n  * 100 
(Figure 4).4 In this case, if p(0°18,) of the non-woven swatch was 
greater than that of the woven swatch, A% would be positive. 
Results showed that the p(OOl 8,) and non-larnbertian character- 
istics of the woven and non-woven swatches of p(oOlh) = 0.48 
were nearly identical. The p(0°18,) of the non-woven swatch of 
p(OOlh) = 0.08 was greater than the woven swatch by up to 20 
percent i nb l  at large solar zenith angles. The p(0°18,) of the non- 
woven swatch of p(OOlh) = 0.04 was less than the woven 
swatch by up to 50 percent in b l  at small solar zenith angles. 
The reason for the large discrepancy between the two swatches 
of p(oolh) = 0.04 is unclear. 

4The use of "percent difference" emphasizes the difference in the shape 
of the curves, but may overemphasize the magnitude of the difference. 
For example, a 50 percent difference for the tarp of p(OOlh) = 0.04 
would only be a difference in p(0°18sl of 0.02, and 2 percent difference 
for the tarp of p(OOlh) = 0.48 would be about 0.01. 
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Figure 3. Relations between p(OO/h) and corresponding val- 
ues of the polynomial coefficients a,,! to a,,! from Table 1 
for Equation 1 for spectral wavelength bands b l ,  b4, and 
b6. Second-order polynomial equations fit to these data are 
given in Table 2 for b l  to b4. Note: Because of the unusual 
behavior of swatch 0.32b (with the emissivity treatment), 
it was not included in this analysis. 

Tarp Temporal Degradatlon 

Tarp Temporal Degradation With Minimal Exposure to 
Sunlight 
During the 1997 calibration, we repeated the calibration of four 
woven swatches (0.04a, 0.08,0.32b, and 0.48a) to quantify tem- 
poral swatch degradation. Jackson et al. (1987) reported that thc 
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TABLE 2. SECONDORDER POLYNOMIAL EQUATIONS RELATING THE COEFFICIENTS 
FROM EQUATION 1 TO p(Oo/h) FOR EACH MMR SPECTRAL BAND, b l  TO b4, 

WHERE a,,, = b, + b, p(Oo/h) + b, p(Oo/h)2. 

Band 1 
~ U , I  

a l . ~  
~ Z . I  

a 4 . ~  
Band 2 

~ U . Z  

a1 .2 

(13.2 

a 4 . ~  
Band 3 

00.3 

~ 1 2 , ~  

a3,3 
a4.3 

Band 4 
0 0 . ~  

( 1 1 . ~  

a2.4 
0 3 . ~  

a4.4 

precision of this goniometer-based calibration method was 1 
percent, expressed as a 20.5 percent difference from the mean 
p(OolBs) of a high-reflectance target. It follows that percent dif- 
ferences larger than 1 percent between two calibrations of a sin- 
gle swatch would be due to influences other than measurement 
error, in this case, primarily degradation of swatch p(OOlh). Per- 
cent differences (A%) were computed between the 1995 and 
1997 swatch p(OOIBs), where A% = (p(O0lBS),,,, - p(O0lBS),,,,)l 
p(O0lBS),,,, * 100 (Figure 5). Thus, if swatch p(OOIB,) had 
decreased with time, A% would be positive; if swatch p(OO/B,) 
had increased, A% would be negative. 

Results showed that the p(OolBs) of swatches 0.04a and 0.08 
increased for small solar zenith angles and decreased for larger 
solar zenith angles ( ~ 5 " )  for bands b l  to b4. This analysis did 
not include MMR bands b5 and b6 because of failure of the MMR 
SWIR detectors in the 1997 calibration. For all zenith angles, the 
p(OOIBs) of swatches 0.32b and 0.48a decreased, though the 
decrease was less than 8 percent. These results are compatible 
with the Tracor GIE assertion that "target areas higher than 
p(OOlh) = 0.16 tend to decrease [when exposed to sunlight and 
weathering] and areas lower than p(OOlh) = 0.16 tend to 
increase." Because our t a p s  had minimal exposure to both sun- 
light and weathering, the A% reported in Figure 5 represent the 
minimal rates of chemical degradation with time, with consid- 
eration for the precision of the calibration method (1 percent). 

Tarp Temporal Degradation under Normal Field Conditions 
The analysis of the R21 tarps allowed us to confirm that the 
shape of the relation between tarp p(OOIBs) and solar zenith 
angle was robust and could be applied to other tarps that had 
not been subjected to goniometer measurements. We found that 
the p(O0lBS) of the clean tarps followed the shape of the goniom- 
eter-derived curves within 0.01 p(O0IBs) at the three solar zenith 
angles measured (e.g., R21 tarp set #4 in Figure 6). For the dirty 
tarps, the shape was sometimes distorted, but it generally fol- 
lowed the goniometer-derived shape. 

The visual, qualitative assessment of tarp dirtiness was 
used to explain the great variation in absolute measurements 
of p(OOIBs) of the R21 tarps of the same p(OOlh). The tarps that 
were rated clean corresponded well with the p(OolBs) deter- 
mined by the goniometer-derived calibration equations for the 
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TABLE 3. C O E ~ C ~ E N T S  FOR THE POLYNOMIAL EQUATIONS RELATING p(0°/8,) AND 8, FOR NON-WOVEN SWATCHES OF p(O0/h) = 0.04, 0.08, 0.48, AND 0.64, 
WHERE p(0°/8,) = tial + a1.r 8, + a2.1 8,' + 82 + a4,l oS4 AND i IS THE MMR SPECTRAL BAND b l  TO b4. 
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Figure 4. Percent difference (A%) of the p(O0/O,) of woven 
and non-woven swatches of the same p(OO/h), where A% 
= (p(OO/ ~ s ) m m w m n  - p(OO/ @s)woven)/p(OO/ es)Woven* 100. If 
p(OO/Os) of the non-woven swatch was greater than that of 
the woven swatch, A% would be positive. 
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Figure 5. Percent difference (A%) of the swatch p(OO/Os) 
measured in 1995 and 1997 for swatches 0.04a, 0.08, 
0.32b, and 0.48a, where A% = (p(0°/8s)1w5 - p(OQ/Os)1997)/ 
p(0°/6$)1997*100. If the swatch p(OO/&) had decreased with 
time, A% would be positive. 

tarps of p(Oolhl = 0.48 and p(OOlh) = 0.64 became dirtier, the 
swatches (Figure 7). Though this was a subjective dirtiness field measurements of p(0°16,) decreased. 
classification, the results implied that the deviation of the field These qualitative results were confirmed by the results of 
measurements of p(OOIOs) from the goniometer-derived p(OOIO,) the experiment conducted on the goniometer with tarp 
was a function of tarp dirtiness. Furthermore, the direction of swatches at different stages of dirtiness (Figure 8). Recall from 
the deviation depended upon the tarp p(OOlh). That is, as the the description in the Materials and Methods Section, that we 
tarps of p(OOlh) = 0.04 and p(OOlh) = 0.08 became dirtier, the created "dirty" tarp swatches by dumping a handful of soil on 
field measurements of p(OOIOs) tended to increase, and as the each swatch, rubbing it gently into the swatch, and brushing 
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Figure 6. Comparison of p(OO/Bs) of several clean tarps mea- 
sured with the MMR and the goniometerderived tarp @ ( O O / ~ )  
for three solar zenith angles for spectral wavelength band b4. 

was as high as 70 percent in b4 for tarps of p(oOlh) = 0.04, and as 
high as 15 percent in b l  for tarps of p(OOlh) = 0.64. 

We also used these goniometer data to investigate the effect 
of dirtiness on the shape of the relation between swatch p(OOIBs) 
and solar zenith angle. We found that the shape was slightly dis- 
torted with tarp dirtiness, but only at very large 8, (>so0). 
These results are evident in the small standard deviations of the 
average of measurements over the large range of 8, (Figure 8). 
This gave support to the assumption that the shape of this rela- 
tion was relatively robust. 

Tarp Callbratlon Related to 4 
As described in the methods section, the directionalldirec- 
tional reflectance factor (p(ev/e,)] was measured for tarps of 
p(OOlh) = 0.04,0.08,0.48, and 0.64 at two solar zenith angles, 
three scanning planes, and &ranging from +55" to -55". These 
p(B,IB,) measurements are illustrated in Figure 9 for a solar 
angle of 47'. The data are organized into two columns, where 
the left column illustrates data scanned in the principal plane 
(PP), and the right column illustrates data acquired in a plane 

off the soil particles with a cotton cloth. The percent difference 45" off the principle plane. For tarps of p(oOlh) 2 0.08, the mea- 
in p(O"lB,) (%Ap) was computed by taking the difference surements of tarp p(BvlBs) were considerably higher in the 
between p(OOIB,) of the dirty and clean swatches, dividing it by backscattering direction, when the sun and sensor were aligned 
p(OQ/8,) of the clean tarp, and multiplying by 100. This %Ap in the same azimuthal hemisphere and shadows were 
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Figure 7. Compar~son of the MMR measurements of tarp /)(Oo/H,) with the goniometer-derived tarp p(Ou/N,) for tarps of p(Ob/h) 
= (a) 0.04, (b) 0.08. (c)  0.48, and (d) 0.64. The data markers express the qualitative tarp dirtiness as determined by 
visual observation. 
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Figure 8. The difference in p(OO/Bs) of dirty and clean 
swatches presented as (a) percent difference (where A% is 
the difference between the p(OO/$) of the dirty and clean 
swatches divided by p(OO/Bs) of the clean swatch, multiplied 
by 100) and (b) the difference between the p(OO/Bs) of dirty 
and clean swatches. The bars are labeled with the standard 
deviation of the measurements made at four solar zenith 
angles. 

minimized. The non-lambertian properties of the tarp of p(oOlh) 
= 0.04 were significantly different; that is, the highest p(BvlBs) 
was measured in the forward scattering direction. This was due 
to strong specular reflectance from the tarp of p(OOlh) = 0.04. 
For the tarp of p(Oolh) = 0.04, the specular effect was much 
stronger than the backscatter effect. In contrast, for the tarp of 
p(Oolh) = 0.64, the backscatter effect was stronger than the spec- 
ular effect. 

For the view angles used in this study, we computed the 
percent difference between p(BvIBs) measured at 8, > 0" and at 
8, = 0". The variation due to view angle differences was as large 
as 37 percent for the tarps of p(O0lh) = 0.04 at 0, = 40'. The tarps 
of p(Oolh) = 0.04 and 0.08 had the largest variation while the 
tarp of p(o0lh) = 0.64 showed minimal view angle effects (<20 
percent). The high variation for the t aps  of p(OOlh) = 0.04 and 
0.08 may be due to (1) low sensor signal because there was little 
reflected radiation, and (2) the specular effect shown in a photo 
taken during the experiment (Figure 10). The tarp of p(OOlh) = 
0.04 was not only sensitive to the specular effect, but also to the 
spatial variation of the tarps due to wrinkles. 

The p(BvlBs) measurements were then fit to a BRDF model 
(Shibayama and Wiegand, 1985) to investigate how models 
could be used to normalize the differences due to view angle 
variations. The general form of the ShibayamaIWiegand 
model is 

of the sun and sensor, and Po, &, and p2 are model-derived 
empirical coefficients. The model-simulated values were plot- 
ted against measured p(BvlBs) values in Figure 11. The model 
worked well for the tarps of p(o0lh) = 0.48 and 0.64, with less 
accurate predictions for the tarps of p(OOlh) = 0.04 and 0.08. 
This was partially due to the strong specular effects found for 
the tarp of p(OOlh) = 0.04, and to a lesser degree for the tarp of 
p(OOlh) = 0.08. Most BRDF models were developed for vegetated 
land surfaces, and do not account for specular reflectance. 
Nevertheless, the Shibayama and Wiegand model performed 
well overall. The coefficients of the model are listed in Table 4 
for all tarps and all spectral bands (bl to b4). 

Discussion 
From this analysis, it is apparent that there are several sources 
of variation in tarp p(BvlBs) that must be accounted for in proper 
tarp deployment. These include differences in p(Bvles) due to 
variations in (1) initial chemical application, (2) tarp dirtiness 
due to field deployment, (3) B,, and (4) 8,. Based on our mea- 
surements, we made reasonable, comparable determinations 
of the variation in p(BvlBs) associated with these four phenom- 
ena (Figure 12). The results showed that the variation in tarp 
p(Bv/Bs) due to differences in initial Tracor GIE chemical appli- 
cation (computed by comparing p(evle,) of multiple clean tarps 
and swatches) was relatively small, with an average variation 
close to zero and a maximum variation of 20 percent for tarps of 
p(o0lh) = 0.04 in the NIR spectrum (b4). The effects of dirtiness 
could be quite large (resulting in up to 50 percent variation in 
p(B,lBs)). The effects of 0, and @,at operational values (8, = 45" 
and 0, = 40") can exceed the effects of dirtiness, particularly for 
t aps  of p(OOlh) = 0.48 and 0.64. 

It should be apparent from results presented in Figure 12 
that the total error associated with tarp deployment for image 
calibration could potentially be quite large. On the other hand, 
if tarps are deployed correctly and kept clean through careful 
use and periodic cleaning, and if tarp p(evle,) is determined 
through calibration equations that account for both es and B,, 
the greatest sources of error will be minimized. 

Conclusions 
Based on the analysis of swatches of tarps, we made the follow- 
ing conclusions related to the use of large reference tarps under 
field conditions. We found that tarp non-larnbertian properties 
were substantial for all values of p(Oolh), and that these proper- 
ties varied by both the spectral band and the value of p(OOlh). It 
appeared that tarps could be used with some confidence in the 
visible and NIR spectral range, but care should be taken when 
making measurements in smR spectral bands because the 
behavior was less predictable. Furthermore, the chemical treat- 
ment used by Tracor GIE to induce constant emissivity proper- 
ties affected the p(OOIBs) of the tarp and resulted in a unique 
calibration equation. 

General calibration equations were derived with some con- 
fidence for spectral bands b l  to b6, for woven tarps of the p(OOl 
h) values measured in this study (Table 1). Equations were also 
provided to allow a calibration equation to be determined from 
the value of p(O0lh) for the spectral bands b l  to b4, limited to 
woven tarps of 0.04 < p(OOlh) < 0.48 (Table 2). 

The characteristics of the woven and non-woven materials 
were compared by calibration of swatches from woven and 
non-woven tarps of p(OOlh) = 0.04,0.08, and 0.48. For tarps of 
p(oOlh) = 0.48, the p(OOIBs) and non-lambertian properties of 
woven and non-woven materials were nearly identical. For 
p(OOlh) = 0.04 and 0.08, woven and non-woven materials dif- 
fered in both p(OOIBs) and non-lambertian behavior by up to 50 
uercent of o(OOIB,l. 

p(BslBv) = p(O"10") [ l  + p, + /?lsin(plo/2) + p2IcosB,)sinBv1, (2) A limited test was conducted to determine the degradation 
of the tarp p(OOIBs) properties with time, under conditions of 

where p is the azimuthal difference between principal planes minimal exposure to sunlight and weathering. The tarp p(oOles) 
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Figure 10. Photograph illustrating the strong specular effect 
for tarps of p(OQ/h) = 0.04. This photograph was taken at 
a solar zenith angle of 68" viewing to the east (toward the 
sun). 

TABLE 4. COEFFICIENTS FOR EVALUATION OF EQUATION 2 DERIVED FROM 
INVERSION OFTHE SHIBAYAMA AND WIEGAND BRDF MODEL, ~ ( 6 ~ / 6 , )  = & [I + 
p, + fii sin(p/2) + Wcos &)sin 4. COEFFICIENTS ARE LISTED BY MMR 

SPECTRAL BANDS, b l  TO b4. 

Coefficients bl b2 b3 b4 

p(OOlh) = 0.04 
Po 0.0302 0.0306 0.0340 0.0376 
/% 0.2336 1.3463 0.2046 0.5521 

2 0.2415 0.4083 0.2298 0.2489 
0.0506 -0.6886 -0.0051 -0.2301 

p(Oolh) = 0.08 
Po 0.0983 0.0922 0.0888 0.0836 
Po 1.1617 1.2993 1.0435 0.8226 a -0.8310 -0.7442 -0.6489 -0.5007 
& -0.2233 -0.3225 -0.1966 -0.0969 

p(OO/h) = 0.48 
6% 0.5552 0.5298 0.5011 0.4809 
& 0.9094 0.8963 0.8801 0.7151 

. PI -0.7998 -0.7681 -0.7339 -0.6295 a -0.2007 -0.2001 -0.2020 -0.1369 
p(OO/h] = 0.64 

Po 0.7143 0.6916 0.6594 0.6474 
Po 0.7908 0.8742 0.7462 0.6159 a -0.6688 -0.6389 -0.6069 -0.5031 
h -0.1920 -0.2478 -0.1836 -0.1415 

in p(OOl@,). We postulate that this was due to a combination of 
the variations in the initial chemical application and the current 
state of tarp dirtiness due to field deployment. The shape of the clean tarps were not substantially different from the calibra- 
relation between p(0°18,) and 6, was consistent for swatches of tion equations derived for clean swatches using the goniometer. 
similar p(OOlh). This shape was slightly distorted with tarp dirt- All tarps had strong sensitivity to @,, resulting in percent 
iness at 8, > so0, and tarp dirtiness had a substantial effect on p(Bv16,) differences up to 37 percent for a sensor view angle of 
tarp p(0°/8,). Increasing dirtiness caused p(OOl@,) to increase for 40". Unexpected strong specular effect was found for the tarp of 
tarps of p(O0lh) = 0.04 and 0.08; it caused p(OOl@,) to decrease for p(OOlh) = 0.04, resulting in poor model prediction. Because 
tarps of p(O0lh) = 0.48 and 0.64. The calibration equations for most BRDF models were developed for natural land surface, the 
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Figure 11. Comparison of model-derived values of p(&/@,) for tarps of p(OO/h) (a) 0.04, (b) 0.08, (c) 0.48, and (d) 0.64 for 
wavelength spectral bands b l  to b4 at a variety of view angles with measured p(&/@,) using the Exotech radiometer mounted 
on a movable boom. 
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Figure 12. Percent difference in measurement of p(B,/B,) for tarps of p(OO/h) = 0.04, 
0.08, 0.48, and 0.64. The x-axis labels are defined as follows: ref/ = percent difference 
between p(B,/B,) measured of clean tarps in the field and p(&/B,) calculated from 
goniometer measurements; dirt = percent difference between measured p(B,/B,) of 
dirty tarps and p(&/B,) calculated from goniometer measurements; sol. z. = maximum 
percent difference between p(B,/&) calculated from goniometer measurements at solar 
zenith angles of 0" and 45"; and view = maximum percent difference between p(&/B,) 
measured at view angles of 0" and 45" at several solar zenith angles. The symbol X is 
the average (for ref7 and dirt) or maximum (for sol. z. and view) of all measurements, and 
vertical bars represent the range of maximum to minimum percent differences. 
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BRDF of the low-reflectance tarps was poorly predicted. On the 
other hand, the BRDF of tarps of p(o0lh) = 0.08,0.48, and 0.64 
was predicted well with the Shibayama and Wiegand model. It 
is thus desirable to modify one of the BRDF models to specifi- 
cally include the specular effect. 

On the who1e:when tarps are calibrated for variations in 8, 
and 0, and kept clean through careful use and periodic clean- 
ing, tarps can provide a means of aircraft-based image correc- 
tion that is both accurate and operational. However, the 
logistics of tarp deployment can be problematic at times. First, 
tarps of this size are heavy (up to 45 kg including the container 
weight) and cumbersome, and deployment requires the time 
and effort of several persons before and after the aircraft over- 
pass. Second, it takes some effort to keep the tarps clean, 
despite dusty and muddy field conditions. Third, tarps of this 
size are very sensitive to windy conditions. The woven tarps 
can quickly become unmanageable, and the non-woven tarps 
are easily torn under even moderate wind conditions. 

Further work could be conducted to clarify tarp properties 
related to two points: degradation with time and differences 
between p(8,/8,) of woven and non-woven materials. These two 
issues were addressed in this study, but results were inconclu- 
sive. To address the degradation of tarp p(8,/@,) with time, we 
propose to expose the board-mounted swatches to measured 
amounts of sunlight, and then repeat the goniometer-based cali- 
bration procedure. To address the apparent difference in the 
p(e,le,) of woven and non-woven materials, we will need to 
obtain more swatches from aacor GIE to validate our initial 
results. 
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