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Abdract

We present the bi-directiond reflectance of a Labsphee calibration plaque both dry and
submerged in water, at normal illuminaion. Measurements indicate tha when submerged in
water, the Labspheae calibration plaque has a highe reflectance value than when dry at
viewing angles bdow 55;j. The results are presented in the form of reflectance factor and are

useful for calibrating undewater reflectance measurements.
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1. Introduction

In many remote sensng applicationsthe measured bi-directiond reflectance distribution fundion
(BRDF) is calibrated with Spectralon diffuse reflectance standards manufactured by Labsphee
because of ther near-Lambertian behavior at near-normal illuminations However, as foundby
several research groups™, Spectralon plagues have significant deviationsfrom a perfect diffuser
in many aspects, and thusthe BRDF of the plaqueis often needed to correct for nonLambertian
effects. In recent years we have made BRDF measurements on variousdry, water wetted and
undewater benthic sediment surfaces to study the effects of the particle physcal propetieson
the BRDF. In order to calibrate theingrument and to measure the undewater sediment BRDF,
an accurate BRDF of both adry and submerged Spectralon plagueis needed. Uponchanging the
scattering medium from air to water, the Spectralon BRDF may changesignificantly. In this
note, we present goniometric scattering measurements of a Spectralon plaque both dry and

submerged, which may beused as benchmarks in undewater remote sendng applications

2. Measurement and result

Thegonio-meter used in this work is an improved version of theonedescribed earlier* with
modificationsto improvetheangular resolution. In this system, lightfrom aHe-Nelaser is
inserted into an Edmund multimodeFC fiber through afocusassembly. Themultimodefiber is
used to depolarize thelaser light (and has been found to reduce the degree of polarizationto less
than 1%). After exitingthefiber, thelight is collimated by alensandilluminaesa 7 mm
diameter region of the sample surface, when inadent nomal to the surface. The viewing optics
congsts of afocusnglens an interference filter, which selects only thelaser light, and asilicone

phobdiode These optics are configured to view a7 cm diameter area onthe surface. The



angular resolutionis 0.7 full angle. To increase signd-to-noise we choptheinddent laser beam
and thereceived signd is processed by a Stanford Research SR 8301ock-in amplifier beforeitis
digitized by aNIDAQ-700PCMCIA card (National Ingruments) in a laptop computer. With this
goniometer we use nommal illumination and measure viewing angles from 15; to 70; and-70; to
-19; intheprindpd plane

We use the reflectance factor (REFF)° to describethe angular patern of plaque
reflectance asit gives the direct comparison to a pefect Lambertian reflector. The REFF isthe
ratio of the bi-directiond reflectance of the sample, r;, to tha of apefect Lambertian reflector,
.,

REFF("i,#i;"V,#V) - rS( |’7#|’ V’#V) $ rS( i’#i;ov’#v)
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: (1)

where 1, isthecosneof inddent zenith angle, ”; , ", istheviewing zenith, “, and ", arethe
inddent and viewing azimuth angles, respectively; and rg, (";,#;",,#,) arethebi-directiond
reflectance@ defined as theratio of theradiance reflected by a surface into a given direction, L,

to thecollimated irradiance incident on the surface, E;:

Lr (”V’#V)

AR =

(2)

Since in thiswork the measurements are taken in the princpd plane unde normal
illuminaion, both the REFF andr are only dependent on ”,. Our sample is a 20diameter
Labsphee Spectralon plaque SRS-99-020 (seria # 45204 1-1) manufactured in April 2005 At
8j-inddent angle, the REFF of this plaguemeasured by our goniometer agrees with published
daa’ within 1% over viewing zenith angles from 0j to 55; andis 4% lower at 70;. In order to
measure the REFF of aplaguesubmerged in water, acylindrical 20 cm diameter glassjar isused

as the container.® First, measurements were donewith the plaquein air; then thecylindrical jar is



ingalled and the plaqueis measured agan. We then filled thejar with pure water (HPLC Grade,
J. T. Baker CAS# 773218-5) and the submerged reflectance is measured. Care was taken to
ensure tha no bubbles were present on the plaquesurface during the measurements. To obtain
the submerged REFF, thefollowing procedures are employed to correct for the air-glass and
glass-water interface effects.

The radiances reflected from the plaquewithoutthe jar in place (bareQ), dry butin the

glassjar (QarQ), and in the water-filled glass jar (GubQ may be described as

E'rbare = Lbare (3)
Eitagloal ™ togtsa = L™, (4)
r.sub
EiTabstagtgw_thtga - LSub’ (5)
n

where t, (=t,,) and t,, (=t,,) are Fresnd transmission cogfficients of air-glass (glass-air) and
glass-water (water-glass) interfaces, respectively; T, . isthetransmissionloss over the20 cm-
long path length in water and n istherefractive index of water. This refractive-index-correction
is applied because of thecylindrica geometry of our glassjar. Since theinddent irradiance can
not be measured directly with our appaatus we use thefollowing relationship to obtain the bare

plague REFF"®

Lbare

(')
where f(45°) isacongant tha nomalizesthe REFF(", =0°", = 45j) to acondant. By the

REFF™e = f(45°), (6)
reciprodty prindple’, this condant may betaken to be 0.99 from thevalue of the
REFF(", =45°",=0j) at 633nm wavelength reported in theliterature® .

With thehdp of Egs (1), (2) and (6), onemay derive the submerged REFF in two ways

fromEgs (3)-(5):



Lsub n

REFR" =~ > REFF>* ()
LJ Tabs(tgw/tag)
or
n Lsub
REFF' = > — f(45°) (8)
Tabs(tagtgw) COS( v)

Eq. (7) and (8) should beidenticd if theglassjar is perfectly optically smooth and hence the
relationship
L= Loty 9)

holdsstrictly. Unfortunaely, our glass jar had imperfectionsonits surfaces and thus although
Eq. (9) holds approximately, largedeviationsof up to several percent are foundat some specific
viewing angles (specific angles changerelative to jar orientation). In order to overcome this
problem and others caus ng measurement uncertainties, we chose several orientationsfor which
the effect of theimpefectionswere minimized. At each of these orientationsthe plaquewas
also rotated to minimize any orientation bias. These rotationsat severa jar orientationswere
averaged and an average of Eq. (7) and (8) is used to represent REFF™®.

Fig. (1) shows thefind results for bath dry and submerged REFF of plaque452041-1.
Thisisaresult of an average of 24 sets of measurements. Thelarger deviationat 15; viewing
angleis because tha at this postion, thelaser spotinddent ontheglass jar may at least partly

enter into thefield of view. Therefractive indices used are 1.33 for pure water and 1.48 for pyro-
glass, giving t,, =0.96 and t,,, " 1.0. For the pure water used in this work, theabsorption
coeficient 0.30m™ at 0.633um® is assumed, leading to T, = 0.94. There are two main features
in the REFF*® as compared to REFF™®. Thefirst is tha the REFF® has a steeper fall-off than
the corresponding dry (bare) plague meaning the Spectralon plaguebecomes more non
Lambertian when undewater. The secondis tha REFF® is brighter than REFF™"® be ow 55;

viewing angle. AlthoughREFF*® is nearly 10% highe than REFF™® at near-nomal viewing



angles, the calculated albedo is 0.99+0.01 and hence is still physcally plausble. To test our
results, we placed a similar Spectralon plaque(Seria # 239221-2) into aquatz cuveteto
measure both REFF® and REFF*®. This cuvette was hexagona, with aflat frontwindow
allowing theinddent beam to enter nomal to the surface, and two adjacent windows at +45;
angles with respect to thefront surface. In this case each of thetwo viewing directionsat +45;
are viewed througha flat surface indead of acylindrical one and hence theradiance change
from air to water becomes n” ingead of n in Eq. (7) and (8) (Therefractive index of fused
quatz is 1.46). Theresult is appended to Fig. (1) asthesolid circle mark and is seen to agree
with glass jar measurement within measurement uncertainties.

Both thedry and the submerged REFF in theviewing angle range[15;, 70;] have been fit
to a 3-term polynomials and theresults are (with fitting errors in parenthesis):

REFF** =1.04(x0.00)" 1.52+0.23 #10°%” " 3.14+0.45}#10°$", (10)

REFF*" =1.13%0.00)" 3.85+0.28)#10°%*" 5.34+0.55)#10°%", (11)
whee !, isin degrees. We use thistypeof polynomial to avoid an artificial peak in thefit
centered at near-nomal angular postions It should be pointed outthat dueto measurement
uncertainties present in the gonio system, there are differences between fit in therange[15;, 70;]
and[-70j, 70;], and such differences reach ther maximaat £70;j viewing angles (2.7%for dry
and 4% for submerged, respectively). Thelarger uncertainty at larger anglesis caused by the
measurement geometry which has theflux collected by the detector falling by coq’ ) since we

illuminate asmaller areathan we view.

3. Discussion



For many paroussurfaces, a paticulate layer will appear darker when theinterstitial pores are
filled with water instead of air®*!. This effect has been attributed to forward scattering
enhancement’ or total reflection-induced extinction occurring at the air water interface™™.
However the effect we are seeing, theincreased brightness at small viewing angles when the
surfacesis submerged, is similar to theimmersion effect seen when plastic diffusers are placed in
thewater.™ In this case there is an increase in the amountof radiance backscattered into the
medium, because of thedecrease in reflectance at theinterface between the material (Spectralon)
and the medium (water). It islikely this aso causes the changein the shgpe of the REFF, as
radiance which has reflected back into the medium is not available to be backscattered into the

Spectralon and then re-emitted at larger angles. Overal theabedo of the surface does not change
significantly, from 0.97+0.01 (dry) to 0.99+0.01 (submerged).

Our selection of thevalue of thedry Spectralon REFF(", =0°,", = 45j) of 0.99is
suppoted by theliterature. Other dlightly highe values have been proposd such as 1.023 Itis
interesting to note tha these values would be a multiplicative factor on all of ourresults,
induding thedry and submerged albedos Thiswould lead to adry albedo of 1.00£0.01and a
submerged abedo of 1.02+0.01 whichis clearly unphyscal. Hence we feel thevalueof 0.99is
reasonéable.

Althoughthere has been an attempt to modd the BRDF of the Spectralon plaqueusng
radiative transfer modd with Henyey-Greendein single scattering phase fundions?, such a
semi-empirical approach may nat be able to account for effects such as close packing, enhanced
backscattering and undewater conditionsin the BRDF. Thusdirect measurement of the

Spectralon BRDF is required.
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Figure captions

Figure 1. REFFG of plaque452041-1, dry and submerged in water, at normal illuminaion.
Error bars are the standad deviation between the 24 individud measurements. Solid lines are the
fit to Eqs (10)and (11). Filled circles are measurements of plaque(Serial #239221-2) in the

hexagond cell as described in thetext.
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