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Polarized Reflectance of Bare Soils and 
Vegetation: Measurements and Models 

Francois-Marie Breon, Didier Tanre, Pierre Lecomte and Maurice Herman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Abstract- This paper presents a large set of spectral and 

directional signatures of the polarized reflectance acquired over 
various surfaces. Two analytical physically-based models were 
developed, one for bare soils and the other for simple vegetation 
cover. They consider that the polarized reflectance is generated 
by single specular reflection over isotropically distributed facets 
or leaves. 

The models accurately reproduce the order of magnitude and 
the directional signature of the reflectance for view angles of up 
to ~ 5 5 " .  It confirms that specular reflection is the main process 
that generates polarization over natural surfaces. Polarized light 
generated by other processes, and that are not accounted for by 
the models, can be observed however in the backscattering direc- 
tion where single specular reflection does not yield polarization. 

Although spectral variations in the polarized reflectance are 
observed, they are explained by atmospheric effects on the direct 
solar beam. The atmospheric correction yields a surface polarized 
reflectance which is larger than the model estimate, but is still on 
the same order of magnitude. 

For the simple canopies studied, our results suggest that, 
except for particular events such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the "heading" of a canopy, 
vegetation will generate little variability in the polarized re- 
flectance making this information unsuitable for monitoring of 
the canopies. On the other hand, since the models accurately 
predict the polarized reflectance from the surface, they can be 
used to correct airborne or spaceborne polarized reflectance mea- 
surements when the inversion of aerosol parameters is attempted. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1. INTRODUCTION 

OLARIZED reflectance measurements of natural surfaces P were initiated by [4]. Since then, there have been several 

attempts to correlate the polarized light reflected by surfaces 

to their biophysical properties. The polarization was said to 

be related to the surface roughness [44] and to the size of 
reflecting elements [15]. Some authors tried to correlate the 

polarization to soil moisture [5], zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 131 or to vegetation biomass 

[6]. It was also said that it could be used to produce a more 

accurate classification of surface cover [7], [15], [16] and 

estimation of vegetation canopy state [32], [41], [42]. A review 
of early attempts to use polarization for land surface remote 
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sensing is given in [36]. Theoretical studies to understand 

the nature and to model the polarization from Earth surfaces 

were also performed: Polarization was thought to be generated 

by specular reflection at the surface of reflecting elements 

such as leaves [40], rocks or sand grains [23]. Reference 

[33] developed a physical model for vegetation canopies. The 
authors showed that the inversion of the model against field 

measurements allows an estimate of the canopy leaf angular 

distribution and so the estimation of the vegetation state. 

The polarization properties of natural targets have also been 

investigated in the laboratory using an incandescent lamp [43] 

or a polarized laser beam [20] as a source. 
Despite these claims of the potentials of polarized light 

for the identification and characterisation of land surfaces, 

polarization measurement have not been used for global Earth 

monitoring. On the other hand, polarization has been used 

extensively in Astronomy research [29], for instance for a 

characterization of planets atmosphere with large optical thick- 

nesses like those of Venus and Saturn [ l l ] ,  [12], [17], [24], 

[251, [27], [341, [35] or for studying the surface of Mars 
where the atmosphere is thin [14]. In the coming decade, two 

instruments will measure the polarization of Earth reflectances: 

the POLDER instrument (Polarization and Directionality of 

the Earth Reflectance; [9]) will be launched in 1996 on 

the Japanese ADEOS platform (Advanced Earth Observing 

Satellite). Similarly, the EOSP instrument (Earth Observ- 

ing Scanning Radiometer; [39]) is scheduled on the AM2 

platform of the EOS (Earth Observing System) program in 
2003. 

A major concern on the use of polarized light for the 

study of land surfaces is the capability to discriminate be- 

tween polarization generated in the atmosphere [26] and 

that generated by the surface. In order to understand the 

relative order of magnitude of polarized light generated by 

the surface and the atmosphere, polarized measurements are 
needed over various ecosystems and for different atmospheric 

conditions. To achieve this objective, an airborne version 

of POLDER has been built and several field experiments 

already performed [2], [lo], [21]. The airborne POLDER also 

acquired measurements during the HAPEX-Sahel experiment 

which was an international program focused on the soil-plant- 

atmosphere energy, water and carbon balances in the West 
African Sahel [22], [31]. In order to help the interpretation 
of the airborne measurements, a field instrument was also 

deployed and installed over various surfaces. The airborne 

measurements will be presented in a forthcoming paper and 

we here concentrate on the field measurements. 

0196-2892/95$04.00 Q 1995 IEEE 
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In this context, our objectives are 1) to present additional 

polarized reflectance measurements, including their directional 
signature, for various surface and atmosphere conditions; 2) to 

verify the hypothesis that polarized light is generated at the 
surface by specular reflection; 3) to design some simple 

models which accurately reproduce the measured polarization 

signatures; and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) to investigate which surface parameters can 

be retrieved from the polarization signature. 
In Section 11, we recall general features of polarized light. 

Section I11 describes the field instrument and the measurement 

procedure. Tivo simple models for the polarized reflectance 
of vegetation and bare soils are described in Section IV. 

The results are presented in Section V. Section VI discusses 

the results in the context of spaceborne remote sensing and 

concludes. 

11. BACKGROUND 

Polarized light can be described by the four Stokes param- 

eters. In the Earth's atmosphere, the ellipticity of the radiance 

generated by natural processes has been shown to be negligible 
[28]. Thus, three parameters are sufficient to describe the 

state of the light. In this paper, we have normalized the 

measurements to the top of the atmosphere solar irradiance. 

The three parameters we use are then, 

p ,  the total reflectance which is the sum of unpolarized 

p p  which is the polarized portion of the total reflectance, 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx which is the angle of the linear polarization relative 

to the scattering plane (the plane which contains the solar 

and view directions). 

and polarized light, 

Let us recall a few facts concerning polarized light: 

Incoming solar light at the top of the atmosphere is un- 
polarized. Specular reflection polarizes light perpendicularly 

to the scattering plane (x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 90"). Similarly, Rayleigh single 

scattering polarizes light perpendicularly to the scattering 

plane. Single scattering by atmospheric aerosols generates light 

polarized either perpendicular (x = 90") or in the plane of 

scattering (x = 0"). Multiple reflectancelscattering processes 

are necessary to yield a direction of polarization other than 0" 

or 90". From symmetry considerations (assuming uniformity 

of the surface), light is always polarized either parallel or 

perpendicular to the principal plane. Thus, in those particular 

view directions, the modijied polarized reflectance, defined as 

Pp* = -4 C O @ X ) ,  (1) 

which can take positive or negative values, is sufficient to de- 

scribe the state of polarization. p p k  is positive (resp. negative) 
when polarization is perpendicular (resp. parallel) to the plane 

of scattering. 

Most previously published works on polarization mea- 
surements use the degree of polarization as the variable 
of interest. The degree of polarization is the ratio of the 

polarized reflectance to the total reflectance (P = p p / p ) .  One 
major advantage of this parameter is its independence to the 
radiometer calibration and the incoming flux. On the other 
hand, this parameter ambiguously mixes the processes that 
generate unpolarized light, to those that generate polarized 

light, and so the degree of polarization is negatively correlated 
with the reflectance when the polarized reflectance is fairly 

constant. On the other hand, the polarized reflectance only 
accounts for those reflectancelscattering processes that gener- 

ate polarized light. Therefore, in the present paper, we will 

consider this parameter, rather than the degree of polarization, 

as the parameter of interest. 

ID. DESCRIP~ON OF THE INSTRUMENT AND METHODS 

A. The Instrument 

An instrument, called REFPOL, has been developed in 

the "Laboratoire d'Optique Atmosphtrique," Lille, France, for 

measuring the BRDF (Bidirectional Reflectance Distribution 

Function) and the BPDF (Bidirectional Polarization Distribu- 

tion Function) of surfaces in the field. It is equipped with 

4 optical barrels, each of them carrying a different spectral 

filter. During the HAPEX-Sahel campaign, the 4 channels 

were centred at 450, 650, 850 and 1650 nm with passbands 

of 100 nm for the 1650 nm band, and 40 nm for the others. 

Polarizers rotate in front of the 4 detectors (3 photodiodes and 

one germanium for the longer wavelength band) and allow 

three successive measurements, CI, C, and C3. with three 

polarizer turned by steps of 45". 
The radiometer was mounted on a step-by-step electric 

engine which allows an inclination up to 75" on each sides 
of nadir viewing. An inclinometer provided automatically the 

zenith viewing angle of the radiometer and this information 

was stored with the measurements. The total angular sampling 

time from -75" to +75" was of 120 s. The apparatus (engine 

and radiometer) was mounted at the extremity of a 1.5 m length 
boom, at the top of a 7 m high mast. The field of view (FOV) 

was approximately 16" (total) which yields a footprint of 2 m 

diameter at nadir, so the boom allowed minimal contamination 
by the supporting mechanism. The mast was never in the 

instrument field of view, and its interception area was small 

which induced little shadowing or parasite light. 
By rotating from +75" to -75", the radiometer sampled the 

angular signature of the radiance in a vertical plane defined 

by its azimuth angle relative to the Sun. The azimuth angle 

could be changed easily by hand. The measurements were 

stored automatically on a micro-computer and a screen display 
provided a mean of checking the measurements. The angular 

signature of the reflectance is derived from measurements 
acquired with a varying surface cover as the radiometer rotates. 

Thus, a uniform surface is necessary to derive meaningful 

signatures. 

B. Data Processing 

The digital counts were converted to radiance using calibra- 

tion coefficients. The calibration has been performed before 
and after the campaign in the laboratory, as well as on site 

with a calibrated reflectance panel. The calibrations gave 
coherent results within the method uncertainty which is of 
the order of 45%. The radiances are then normalized to the 
top of the atmosphere (TOA) solar irradiance. The results are 
pseudo-reflectances since they do not account for the incoming 
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(C) (d) 

Fig. 1. 
stones. (c) Site 3: Low and dense vegetation (Zunniu glochidiutrus species). (d) Site zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4: Millet. 

Ground oblique views for the four surfaces: (a) Site zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1: Bare soil composed of sand and clay. (b) Site 2: Bare soil composed of clay with mid-size 

radiance reduction on the downwelling path in the atmosphere. 

The surface reflectances are then under-estimated, all the more 

for the shorter wavelengths for which the atmospheric optical 
thickness is larger. One may argue that it would be better to 

normalize our mesurements to the incoming irradiance at the 
surface. However, as it is shown in Section V-C, the diffuse 

portion of the downwelliqg irradiance generates negligible 

polarization after reflection at the surface. Therefore, the 
downwelling irradiance is not an appropriate normalization 

quantity. 
From these three calibrated measurements (PI, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApz, p3),  one 

deduces the total reflectance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp, the linear-polarized reflectance 

pp and the polarization direction x:  

P1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ P3 p = -  
2 

P3 - P1 
sin(2x) = -. 

P P  

As the polarized reflectance and the direction are obtained 
from a non-linear combination of larger terms p1, pz, and p3 

(2b) and (2c), they are then very sensitive to the noise on the 
p i .  It is expected that measurements over reflecting surface 
with small degree of polarization (i.e., pp small relative to 

the individual p i ) ,  like the vegetation in the infrared spectral 

domain, will have a relatively small signal to noise ratio that 

makes their analysis difficult. 

C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Sites 

Four different surface covers have been investigated: 

A bare soil composed of sand and clay [site 1, Fig. I(a)]; 

A bare soil composed of clay with mid-size stones 

A low and dense vegetation, zonnia glochidiatra species 

A field of millet [site 4, Fig. l(d)]. 

The four sites have been investigated several times during 

the campaign from the end of August to the first days of 
October. Because of cloud coverage, only 15 days allowed 

useful measurements. During clear days, up to 35 angular 
scans from -75" to +75" have been acquired for varying 
solar zenith angles and relative azimuths. 

These surface types are typical of the Sahel area. As already 
mentioned, our measurement procedure needs an uniform 

surface over several meters and so we did not investigate other 
dominant biomes such as the tiger bush or fallow. Although 
the measuring sites were chosen for their homogeneity, some 
irregularities in the angular signatures may be explained by 
the surface inhomogeneity. 

scattered on it [site 2, Fig. l(b)]; 

[site 3, Fig. l(c)]; 
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TV. MODELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFresnel Equations 

The models described hereafter assume that polarized re- 
flectance from the surface is generated by single specular 
reflection, which is controlled by Fresnel equations. Fresnel 
reflection depends on the relative values of the two medium 

refractive indexes, as well as the incidence angle of the light 

on the interface. In what follows, we will recall this angle as 
the angle of reflection, y. 

A direction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw, will be defined by its zenith angle, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH,, and 

azimuth angle, &. Hereafter, the index ‘3’’ stands for the 
Sun (or incident) direction, the index “v” for the instrument 

(or reflected) direction, and the index “n” for the normal to 
the individual reflector. The origin of the azimuth is the Sun 

direction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4s = 0). The angle of reflection, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy, is the angle 

between the incident direction, w,, and the normal to the 
individual reflector w,. Note that y is equal to half the phase 
angle. The following relations apply: 

y = 0.5 cos-1 [cos H ,  cos H , ,  + sin 8, sin eo cos 4,] (3) 

1. [ 2 (‘OS 3 

cos 8, + cos 0, 
H , ,  = cos-1 (4) 

We also define the polarized Fresnel reflection coefficient: 

(5 )  

where 1.1 and r= are respectively the perpendicular and 

parallel Fresnel reflection coefficients given by 

1 
PP(Y) = 5(r: - 7-51 

where N is the refractive index of the reflective medium (the 
index of air is approximated to I ) .  

C. Bare Soil Model 

The model for the polarized reflectance for a bare surface 
is different than that for a vegetation canopy. The model 

supposes that the polarized reflectance is generated by the 

soil surface. Thus, contrarily to the model for the vegetation, 

it does not consider any attenuation on the incident and 

outgoing path. This does not imply that no light is transmited 
through the soil, but we assume that the polarized light 

generated by this process is negligible. The model assumes 
that the ground is composed of isotropically distributed facets 

(rough surface). One representation for such a distribution is 

obtained considering the surface to be entirely covered with 
hemispheres of varying radii. Note that the ratio of the total 

surface of the spheres to the macroscopic horizontal surface 

is 2. Each facet is a specular reflector and the shading is 

neglected. The model is then similar to the case studied for a 
water surface [ I ] ,  except for the slope angular distributions. 

We consider an horizontal surface S ,  the size of which is 

much larger than the roughness length scale. Over this area, 
many individual facets have their normal oriented upward 

within dw,. The integrated surface of these facets is 

These facets spectrally reflect a polarized flux dE*(w,) into 

direction w,; 

$E* = l 3 ’ ~ 0 ~ y F p ( y ) d S  (9) 

where the fluxes E &  and dE* are measured perpendicular 
to the incident and reflected rays, respectively. We assume a 
monodirectional incident light. Simple trigonometry (when re- 

ferring the normal and view directions to the incident direction, 

see Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA for detail) shows that 

dw, = 4cosy dw, 

B. Vegetation Model and the reflected polarized radiance is 

Previous measurements of the polarized reflectance of veg- 
etation have shown that it is principally generated by specular 
reflectance on the leaf surface. Thus, the polarized reflectance 
is controlled by I)  the Fresnel reflectance (i.e. the reflection 

angle and the refractive index); 2 )  the leaf orientation distri- 
bution; and 3) the attenuation of the radiance on the incident 
and outgoing paths within the canopy. 

From these considerations, several authors have derived 
theoretical models for the polarized reflectance of vegetation 

canopies [331, [411, [43j. Following 1331, if the leaf inclination 
distribution is uniform, the polarized reflectance pp  can be 
simply written 

(7) 

where FF is the polarized fraction of the specular reflectance 
as given by Fresnel law in (5). The model should be valid for 
many vegetation canopies with a complete ground cover (i.e., 
large leaf area indexes). 

L*(W,) = E’FPb) 
47r cos(&).  

Using the definition of a reflectance, we obtain the polarized 

reflectance for a bare surface 

This formulation is clearly not satisfying for limb viewing 

or illumination as it leads to infinite values for those angles. 
This results from our approximation of neglecting mutual 

shadowing of the facets. However, it should give coherent 
results for smaller zenith angles. 

V. RESULTS 

As i t  has been already emphasized by [8], atmospheric 
conditions may affect the measurements of surface reflectance 
even at surface level, so we give in Section V-A the turbidity 
conditions. Unless differently stated, the polarized reflectance 

. . .. I- . . . . 
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TABLE I 
SUMMARY OF THE SUBSET OF MEASUREMENTS USED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIN THIS PAPER, 

TOGETHER WITH THE MEASURED AEROSOL OFTICAL THICKNESS AT 450 nm 

measured over bare soils will be that acquired at 1650 nm, we 
make this choice since atmospheric effects are the smallest 

at this wavelength. For measurements over the vegetation, 

we will use the 650 nm data because those collected in the 

infrared are too noisy, due to the large total reflectance at 

these wavelengths (see Section 111-B). Polarized reflectances 

as a function of the view angle are given in Section V-B when 
the spectral dependence is analyzed in Section V-C. In Section 

V-D, we analyze the polarization direction, and in Section V-E 
the particular case of the backscattering direction. 

A. Turbidity Conditions 

For the 15 days during which we acquired measurements, 

we indicate in table 1 the surface cover that was investigated, 

as well as the aerosol optical thickness at 450 nm (7450). As 
it can be seen in table 1, many measurements were acquired 

in relatively clear conditions 0.255 7450 50.4. Such turbidity 

values are very frequent in Sahelian regions. Several turbid 

days are also available, which allow an illustration of the 
atmospheric scattering effect on the measurements (26109, 
28/09, and 29/09). 

B. Polarized Reflectance 

Figs. 2-4 show typical angular signatures of the polar- 

ized reflectance in the principal plane. We recall that the 
reflectances are positive (respectively negative) when the 

polarization is perpendicular (respectively parallel) to the plane 
of scattering. On each diagram, the solid line shows the model 

results and the diamonds indicate the measurements. We use 

one of the two models defined in (7) and (13) according to 
the underlying surface. 

Both models account for single specular reflection only. 
Thus, their estimates .are always positive and vanish in the 

antispecular direction. The models fail to reproduce the neg- 
ative polarization often observed close to backscattering. We 
discuss this particular feature in V-E The negative branch of 
polarized reflectance does not exceed -0.5% (dimensionless) 
over bare soil and -0.2% over vegetation. 

Measurements plotted in Fig. 2(a) have been acquired over 
bare soil (site 1 )  on Sept. 1, with a large solar zenith angle 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA65". The polarized reflectance is negative close to the 
antispecular direction and increases up to 14% for a viewing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 2. Polarized reflectance measured in the principal plane at X = 1650 nm 
as a function of the view angle. The full line results from model computation 
(see Section IV). The backscattering direction is on the left side of the plots. 
In (a) and (b) the underlying surface is site 1 and 2 respectively. 

angle of 70" (the angle of reflection is then 67.5"). The 

model accurately reproduces the measurements away from the 

backscattering direction assuming a refractive index of 1 S O .  
It slightly underestimates the observations for view angles 

between 30" and 50" and overestimates the measurements for 

view angles greater than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50". Fig. 2(b) displays similar results 

for the second site of bare soil sampled on Sept. 3. The model 

is very accurate for view angle up to 45". For larger view 

angles, it clearly overestimates the observations. 

We find that the largest polarized reflectances are larger for 

site 1 (14%) than for site 2 (8%). One explanation for this 

feature is the difference in the texture of the two sites. Site 2 
shows a number of stones whose influence on the reflectance 

for large angles may be large (shadowing). Another possible 

explanation results from the occurrence of rain the day before 

the measurements were acquired. Some spots within the site 

may have a large soil moisture content which tends to lower 

the refractive index and thus the specular reflectance [19]. The 
texture may also have been modified by the rain [3]  but these 

are only hypothesis. 

Fig. 3 is for the low and dense vegetation site acquired on 
Sept. 6. The measurements are here compared with the model 

designed for the vegetation, the refractive index of epicutilar 
wax, m = 1 S O ,  was assumed [40]. This model predicts smaller 
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Fig. 3. Same as in Fig. 2 but for site 3 at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX = 650 nm. 

polarized reflectances (around 2%) than for the bare soil and 

it is confirmed by the measurements. The angular signature is 
well reproduced, although the measurements are noisier. 

The measurements over millet (site 4) are even smaller. 

In Fig. 4(a), they do not exceed 0.5%. Other measurements 

acquired over this site show larger polarized reflectance for 

sun angles closer to the zenith, but they never exceed 1%. 

The model clearly fails for this vegetation canopy, although 

it still gives satisfactory results for smaller zenith angles. One 

explanation for the millet particular behavior is the presence 

of "heads" at the top of the canopy that may be poor specular 

reflectors as discussed in [33] for com and in [18] for wheat 
canopy. The heads shade the lower layer leaves and may 

therefore decrease the polarized reflectance. This hypothesis is 

confirmed by additional measurements acquired with similar 
conditions but for a smaller solar zenith angle of 31" on Oct. 

8 [Fig. 4(b)]. This figure shows that, when the Sun is higher, 

the model performs better for off-nadir observations until 50" 
instead of 20". When the Sun is higher, the interception 

by the heads (which are oriented in the vertical direction) 

is smaller and the model gives a better description of the 

radiative transfer in the canopy. The polarized reflectance 

angular signature of the millet is different from that measured 

for other vegetation coverage or bare soil and we cannot, 

therefore, conclude that it is a result of an atmospheric 

effect. Our data and the comparison with the model provides 

further evidence that the "heading" of a canopy decreases the 

polarized reflectance and may therefore be detected with such 

measurements. 
Figs. 5-7 display similar results corresponding to the same 

4 sites albeit in the perpendicular plane. For this geometry, the 

range of phase angle covered when varying the view angle is 
more limited than in the principal plane: For a solar zenith 

angle of 60" and a view angle that varies between -60" 

and 60°, the angle of reflection varies between 30" (at nadir 
viewing) and 38" (at f60" view angle). Similar conditions in 
the principal plane were induced angles or reflection that vary 

between 0" (backscattering) and 60" (forward scattering). The 

variations in polarized reflectance are then much smaller in the 

perpendicular plane than in the principal plane as predicted 
by the models because of the restricted range of angles or 
reflection. 

Millet - 4 
Sol. Zen. Ang. = 62" 1 

~ 1 5  

o Measurements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ 1  
-Model 4 1.0 - 

0 5 -  

-13.5~ " " " " " " ' '  

-70 -so -30 -io i n  30 so 70 

View Zenith Angle (") 

(a) 

Millet - 4 
0.75 1 Sol. Zen. Angle = 31" 

Fig. 4. 
angle of 62", (b) A solar zenith angle of 3 1 O .  

Same as in Fig. 2 but for site 4 at A = 650 nm. (a) A solar zenith 

The measurements should be symmetric to the nadir direc- 
tion. Although the general signature is indeed symmetric, there 

are some departures from symmetry that result from surface 
heterogeneities. For grazing observations, the models fail for 
similar reasons as that in the principal plane, and they give 

larger results than the measurements. The approximations we 
made on the mutual shading of the reflecting elements fail for 

these geometries. However, the models allow a fairly accurate 
representation of the order of magnitude of the polarized 
reflectance for view angles up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 50". 

C. Spectral Signature of the Polarized Rejectance 

Following the hypothesis that the polarized light mostly 

results from specular reflection on the leaf surface or on bare 
ground facets, it should be spectrally neutral provided that the 
refractive index is constant over the spectral interval consid- 

ered. Fig. 8(a) and (b) show polarized reflectances measured 
for several viewing directions in the 3 shortest wavelengths 

as a function of polarized refleclances measured at 1650 nm, 
Fig. 8(a) is for measurements over a bare ground collected on 
Sept. 03 and Fig. 8(b) for measurements over vegetation on 

Sept. 26. A large correlation between the various wavelengths 
is obtained for bare soil. Correlation is also observed for 

vegetation but with a larger dispersion. In Fig. 8(a), there is a 
constant ratio of about 0.5 between the polarized reflectance 
at 450 nm and that at 1650 nm. For other measurement sets, 
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Fig. 6. Same as in Fig. 3 but in the perpendicular plane. 

this ratio varies between 0.36 and 0.67. Two optical effects 

may explain this difference: 
The Fresnel polarized reflectance depends on the refractive 

index, which may be wavelength dependent. Fig. 9 plots the 
Fresnel polarized reflectance, as defined in Section IV-A, 
as a function of the angle of reflection. It shows a large 
dependence on the refractive index. The ratio of 2 observed 

in Fig. 8(a) could be explained if, for instance, the refractive 
index was 1.30 at 450 nm and 1.60 at 1650 nm. From 
the few data published in the literature, such a variation is 
very questionable. Terrestrial materials have generally smaller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.0 
-70 -50 -30 -10 10 30 50 70 

View Zenith Angle (") 

Fig. 7. Same as in Fig. 4 but in the perpendicular plane 
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Fig. 8. Polarized reflectances measured in the principal plane for several 
wavelengths. The measurements at 450 nm (circles), 650 nm (diamonds), 
and 850 nm (triangles) are shown as a function of that at 1650 nm. (a) The 
underlying surface is bare soil and the solar zenith angle is 60'. (b) The 
underlying surface is low vegetation and the solar zenith angle is 50°. 

refractive indexes in the near infrared than in the visible or at 

the most constant [30], [38]. A similar conclusion is expected 

for vegetation [40]. 
The second possible explanation of the spectral variations 

of the polarized reflectance is related to atmospheric effects. 

Atmospheric scattering reduces the amount of solar light 

that reaches the surface. Moreover, the light scattered in the 

atmosphere but which still reaches the surface has a diffuse 
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Fig. 9. Polarized fresnel reflection coefficient, as defined in (5). as a function 
of the incidence angle. The refractive index increases from 1.3 (lower curve) 
to 1.6 (upper curve) by step of 0.1. 

angular distribution and may not generate polarized light as 
does the direct solar beam. A larger atmospheric optical thick- 

ness yields, therefore, a smaller apparent polarized reflectance. 

Several observations support this second hypothesis. First, we 

see that the spectral variations of the polarized reflectance 
(Fig. 8) are coherent with this hypothesis and the fact that 

the optical thickness decreases with increasing wavelength. 
We note that the ratio departure from unity increases with 

the solar zenith angle, which is coherent with an increase in 

optical path with the air mass. Fig. lO(a) illustrates this finding 
for the ratio of measurements acquired at 450 nm and 1650 
nm over bare soil on Sept. 3. Similarly, Fig. 10(b) is for the 
wavelengths 450 nm and 650 nm acquired over vegetation 

on Sept. 26. These data were chosen for the stability of the 
atmospheric optical thickness over the day. 

We computed for each dataset the best linear fit between 
the various wavelength polarized reflectance (such as those 

of Fig. 8). We then plotted the resulting slope as a function 
of the optical air mass (1/ cos 0,) for all sequences acquired 

during a given day (and thus for varying solar angles). If our 

hypothesis is correct, the ratio of the two wavelength polarized 
reflectances (and thus the best fit slope) should be equal to 

where 7-1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 2  are related to the atmospheric optical thickness 
for the two wavelengths. If the direct solar beam was the only 

source of polarized reflectance, 71 and 7-2 should be equal 

to the optical thicknesses. However, because of the forward 

peak of the phase function, a large fraction of the radiance 
scattered by aerosols has a direction close to the direct solar 

beam, and may then participate to the polarized reflectance 
as unscattered radiance does. Thus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATI and 7 2  may be smaller 
than the total atmospheric optical thicknesses. On the other 
hand, since radiance scattered by molecules shows an almost 
isotropic angular distribution, we expect 7-1 and 7-2 to be larger 
than the molecular optical thickness. Similarly, ( 7 2  -TI),  which 
is positive assuming that A1 > A2, is expected to be larger than 
the molecular optical thickness difference, but smaller than the 
total optical thickness difference. 

5 ,  , I 
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Air mass (1,'~) 
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Fig. 10. Spectral variation of the polarized reflectances as a function of the 
optical air mass. The spectral variation is derived from the slope of a linear fit 
over data sets such as those of Fig. 8 (a slope of 1 corresponds to no spectral 
variation). Each dot corresponds to one data set and all data sets acquired 
during a given day are represented on the figure. The error bars mr elated 
to the scatter around the best fit. (a) Measurements over bare ground on Sept. 
3 for 1650 nm and 450 nm. (b) Measurements over vegetation on Sept. 26 
for 650 nm and 450 nm. 

In Fig. 10(a), we find ( T ~  - 7 1 )  =0.27 which is, as expected, 
larger than the molecular optical thickness difference (0.22) 
but smaller than the total optical thickness difference (0.37). In 
Fig. 10(b), we find (7-2 - rl) = 0.23 whereas 0.17 is expected 

for a pure molecular atmosphere and the measurement gave a 

total optical thickness difference of 0.24. 
Fig. 1O(a) and (b) demonstrate that the constant ratio found 

in the polarized reflectance measurements at various wave- 

lengths is correlated with the Sun angle. The variations found 
are coherent with the hypothesis that photons scattered in the 

atmosphere participate little to the polarized radiance after 

reflection at the surface. We conclude that the constant ratios 

between the various wavelength measurements result mostly 
from the spectral transmittance of the atmosphere on the 
downward path. 

We performed a second validation of our assumption. We 
selected measurements acquired over bare soil with a very 
large optical thickness on Sept. 28 and 29 (Table I) with a 

Sun angle of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA55' for both days. We then plotted the polarized 

reflectance at 450 nm as a function of measurements at 
1650 nm (Fig. 11). As expected, the measurements are well 

correlated and much smaller at 450 nm than at 1650 nm. As 
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the optical properties of the atmosphere were measured, we 

can correct the polarized reflectance for transmission effects 
at the two wavelengths. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a first step, we simply divide the 
measurements by the direct transmission expressed by 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~~x and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArmx are the aerosol and molecular opti- 

cal thickness, respectively, at the corresponding wavelength. 

Polarized reflectances are overcorrected since the polarized 

reflectances are then larger at 450 nm than at' 1650 nm 

(Fig, 11, correction a). Assuming that 30% of the diffuse 

light is still direttional [37], which means that only 70% 
of the aerosol optical thickness has to be corrected for, the 

polarized reflectances at the two wavelengths are quite similar 
(Fig. 1 1, correction b). Note that some uncertainty results 
from the hypothesis that the aerosol phase function (and 

therefore the percentage of scattered light in the forward peak) 
does not change with wavelength. We demonstrate that the 

constant ratio found in the polarized reflectance measurements 

at various wavelengths results from atmospheric scattering 

and absorption. The spectral variations support the hypothesis 
that the radiance scattered at large angles does not contribute 

significantly to the reflected polarized reflectance. 
The results from this section suggest that our measure- 

ments should be corrected for atmospheric transmitssion as 
in (15), with a reduced aerosol optical thickness. We have 

not corrected our measurements for atmospheric transmission 
because of the uncertainty in the aerosol optical thickness 

to be used. On the other hand, relatively clear days were 

selected for model-measurement comparisons whereas more 

hazy days have been used to demonstrate the atmospheric 
effect on the reflectance spectral signature. Moreover, for 

model-measurement comparisons, we selected the longer us- 
able wavelength as the atmospheric optical thickness decreases 

with increasing wavelength. Although limited (on the order of 

25% depending on the day and the solar angle) the correction 

would increase the surface polarized reflectance, and the 
agreement with the model would be reduced. 

D. Polarization Direction 

The polarization direction is derived from the three po- 

larized measurements with the polarizers tumed by steps of 
45" (2c). As for the polarized reflectance, it may be noisy 
when the degree of polarization is small. In the perpendicular 

plane, we find the polarization direction always perpendicular 
to the plane of scattering (within the measurement accuracy). It 

confirms that single specular reflection processes control the 

polarized reflectance. 
Similarly, in the principal plane, away from the backscatter- 

ing direction, the polarization direction is found perpendicular 
to the plane of scattering zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(x = 90') as shown in Fig. 12(a) 
and (b). Close to the backscattering direction, however, po- 
larization resulting from single specular reflection vanishes 
because the polarized Fresnel reflection coefficient does so (see 
Fig. 9). Thus, in those directions, we observe the polarization 
generated by other processes. We will now analyse in more 
detail the measurements in this geometry of observation. 
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Fig. 1 1 .  Polarized reflectances at 450 nm as a function of polarized re- 
flectances at 1650 nm. The open circles correspond to the raw data (no 
correction), the squares to data which have been corrected for the transmission 
function computed with the total aerosol optical thickness (correction a), the 
full circles to data which have been corrected for the transmission function 
considering that 30% of the diffuse flux is still directional (correction b). (a) 
Data collected on Sept. 28, (b) Data collected on Sept. 29. 

E. The Backscattering Direction 

Fig. 12(a) and (b) plot the polarized direction estimated 

over bare soils and vegetation in the principal plane at 450 
nm and 1650 nm. Close to backscattering, there is an obvious 

difference between the two wavelengths. At 1650 nm, negative 

polarization are observed in backscattering directions for both 

surfaces even if the noise is larger for vegetation as expected. 
Reference [44] showed that geometric considerations on the 

possible ray paths on a rough surface explain the negative 
polarization measured in the backscattering direction when 

observing distant planets or bare ground samples: "Negative 

polarization is found to be caused by shade and shadows 
affecting the double-reflected rays." Similar considerations 

as for the bare soil can be also developed over vegetation 
[Fig. 12(b)]. Reference [43] showed that the light transmitted 
through a leave is negatively polarized and may therefore have 
an effect on the polarization direction. We note however that 
the amount of transmitted light is very small and that it requires 

another scattering/reflectance process to affect the polarization 

in the antispecular direction. We therefore have to consider 
multiple surface reflections, which our models do not consider, 
for interpreting the negative values at 1650 nm. 
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Fig. 12. Polarization direction estimated at 450 nm (circles) and at 1650 nm 
(diamonds) as a function of the view angle. The directions are estimated with 
respect to the scattering plane. (a), The underlying surface is bare soil (site 
1) and the solar zenith angle is 63O. (b) The underlying surface is dense 
vegetation (site 3) and the solar zenith angle is 50'. 

The interpretation developed in [44] for the negative po- 

larization in the backscattering direction implies a spectrally 

neutral polarized reflectance. Our observation shows a large 
spectral variation since we actually find a positive polarization 

at 450 nm. Thus, another process generating polarized light 

is necessary to explain our observation in the backscattering 

direction. 
Since atmospheric scattering is wavelength dependent and 

is a generator of polarized light, it is an obvious candidate. 
We therefore try to modelize the interaction of atmospheric 

scattering and surface reflection. In Appendix B, we develop. 

a semi-analytical model for the evaluation of the polarized 

reflectance resulting from photons scattered by atmospheric 

molecules and then reflected spectrally by the surface. For 
solar angles less than 70°, the model predicts a polarized 

reflectance perpendicular to the plane of scattering (positive 

polarization). Since this process is much larger for the shorter 
wavelengths, the sign of the polarization is right for explaining 
the removal of negative polarization at 450 nm. However, the 
predicted magnitude is too small since the resulting polarized 
reflectance is smaller than 0.04% (Fig. 13). Because the vari- 
ous contributions to the polarized reflectance have their plane 
of scattering oriented variously, they tend to cancel one another 
and result in almost unpolarized light. 

Polarized Reflectance 

Total Reflectance 
2 -0.02 

_ _ - -  -0.03 

0 15 30 45 60 75 
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Fig. 13. Estimate of the total (right axis) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApolarized (left axis) reflectances 
resulting from single scattering in the atmosphere and specular reflection at the 
surface. The estimate is made for a molecular atmosphere of optical thickness 
0.22 and for varying solar zenith angle. The direction of observation is the 
backscattering (or anti-solar). 

Aerosol may also have an effect on the polarized reflectance 

in the backscattering direction, although we have not been 
able to evaluate it since we lack the necessary information 

on their polarized phase function. We found that the observed 

spectral variation varies with the view angle, which favors 

this hypothesis. 

Another process which we did not consider so far and 

that may influence the polarized reflectance in the backscat- 
tering direction is the interaction of specular and diffuse 

reflection at the surface: The negative polarization would 

result from specular reflection of the light already scattered 
by non specular processes (those that generate unpolarized 

reflectance). In the backscattering direction, we found some 

correlation between the polarized reflectance and the total 
reflectance, which favors this hypothesis. At 450 nm, since 

the surface reflectance is small, the polarization generated 

by the process described above is negligible. On the other 

hand, atmospheric scattering, which is the largest at this 

wavelength, can explain the positive polarization measured in 

the backscattering direction. 

VI. SUMMARY AND DISCUSSION 

In this paper, we have investigated the polarized reflectance 

from natural surfaces. We have analyzed the measurements 

acquired over bare soils, a dense canopy, and a field of 

millet, and we compared these observations to the predic- 

tions of two analytical models. One model is designed for 
bare soils and the other for vegetation canopies. They both 

assume that the polarized reflectance is generated by single 
specular reflection over isotropicaly distributed facets (bare 

soil) or leaves (vegetation). The two physically based models 
need only one variable parameter; the refractive index of the 
reflecting medium. 

The spectral variations of the polarized reflectance, which 
seem contradictory with our hypothesis that polarized re- 
flectance is generated by specular reflection, can be explained 
by atmospheric scattering on the downwelling path. Molecular 
scattering generates diffuse light that contributes very little to 
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the polarized reflectance after reflection at the surface. On 

the other hand, some part (on the order of 30%) of light 
scattered by aerosols is slightly modified and contributes to 

the polarized reflectance as the direct solar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeam does. This 

result shows that the polarized reflectance measurements need 
to be corrected for atmospheric transmission, depending on 

the wavelength and the aerosol optical thickness. Because the 

exact magnitude of the correction is unknown, we decided 

to present our measurements normalized to the top of the 

atmosphere irradiance. In order to reduce the uncertainty, 
we selected the relatively clear days in our dataset, and we 

used the longer usable wavelength (the atmospheric optical 

thickness is then smaller). 
Besides the uncertainty discussed above, we found a large 

agreement between the model predictions and the measure- 

ments, collected in the field over various surface coverages 

and solar angles. In particular, the observations confirm that, 
for similar geometries, the polarized reflectance generated 
by the bare soil is much larger than that generated by the 

vegetation. The largest polarized reflectances observed over 

bare soils are on the order of 12%, whereas they never exceed 

3% over the vegetation. The models accurately estimate the 

polarized reflectance angular signature for zenith angles up to 
about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA55” .  For larger zenith view angles, the approximations 

concerning the mutual shading of reflecting elements fail, and 

the observations are smaller than the model predictions. 

In the backscattering direction, polarized reflectance gener- 

ated by single specular reflection vanishes. The model predicts 

no polarized reflectance in that direction, whereas the ob- 
servations show a small polarization which varies with the 

wavelength. We have not been able to identify precisely the 

origin of this polarization although several hypothesis were 

raised. 

Our results suggest that dense vegetation covers will gener- 

ate a constant polarized reflectance provided that their leaves 

have similar refractive indexes. This is not necessary true 

for vegetation with a large density of not-leaf-like elements. 

Therefore, “typical” vegetation cover cannot be discriminated 

from their polarization signature, although a particular event 
such as the “heading” of a canopy can be detected with this 

technique. However, we acknowledge that our results have 

been acquired over a limited set of surface covers and that 

further measurements are needed to confirm our statement. 

In the context of spacebome remote sensing, our results 
suggest that the information content of polarized reflectance 
is relatively poor for vegetation monitoring but can be very 

useful for aerosols remote sensing. To estimate aerosol optical 
thickness and characteristics from polarized reflectance mea- 
surements, one must first substract the surface signal and our 

models can be used to estimate the surface contribution with 

a limited knowledge of the surface cover characteristics. It is 
clear that if the aerosol polarized reflectance is smaller than the 
surface signal, the relative error will become large. Still, in that 

case, the models can indicate view directions that are the most 
appropriate for aerosol remote sensing (those for which the 
surface polarized reflectance is small). A forthcoming paper 
will present comparisons of airbome polarized measurements 
with surface observations described in this paper. 

APPENDIX A 

In this appendix, we show that, for a monodirectional 

incident light, the normal and view direction solid angle are 

related by the relation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dw, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4cosy dw,. (AI) 

The demonstration refers the two directions not relative to 

the vertical but to the incident direction. We use a and 4, 
respectively, as the zenith and azimuth directions relative ‘to 

the incident direction. All other notations are unchanged. The 

following equations apply: 

We can then write zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dw, = sin a,da,d$, 

= 4 cos a, sin a n d a n  

= 4 COS rdw,  

which proves (Al). 

APPENDIX B 

In this appendix, we evaluate the polarized reflectance in the 

backscattering direction that results from single scattering in 

the atmosphere, followed by specular reflection at the surface. 

We will assume a molecular atmosphere (no aerosols). 
As in the main section of the paper, the index “s” is for 

the solar direction and the index “v” for the view direction. 

We add the index “i” (for incident) for the direction of the 

rays after scattering and before specular reflection. Since we 
are only interested in the backscattering direction, we have 

w, = w,. 
We first evaluate the luminance at the surface after single 

scattering in the atmosphere. We distinguish the two compo- 
nents parallel and perpendicular to the plane of scattering 

where EO is the solar flux at the top of the atmosphere, and 

Pm= and Pml are the parallel and perpendicular components 
of the molecular phase function (we neglect the depolarization 

factor) 

3 
4 
3 
4 

Pm=(a) = - cos2(a) (B2a) 

Pml(a) = - (B2b) 

and a is the scattering angle 

cos(a) = cos(0,) cos(&) + sin(0,) sin(Oi)cos(&). (B3) 
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For the specular reflection at the surface, we make the same 

assumptions as for the bare soil specular reflection model 

developed in Section IV-B. The downwelling radiance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALu in 

solid angle dwi contributes to the upwelling radiance dL* in 

direction wv 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy is the incidence angle and r (y)  are the Fresnel 
reflection coefficients defined in (4). Note that, because w,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 
wv,  we have y = a/2.  

The two components of the upwelling luminance can then be 

integrated over the incident direction wi. However, the plane of 

scattering changes with the incident direction. Thus, one shall 

first project the two components of the polarized reflectance 

into the vertical and horizontal planes 

d L t  = c o s 2 ( X ) d L t  + s in2(X)dLF,  (B5a) 

where x is the angle between the vertical plane and the plane 

of scattering 

. (B6) 

The two components of the reflectance in the vertical and 

sin(S,) cos(6’i) - sin(8i) cos(8,) cos(q5i) 

sin(ct) 
cos (x )  = 

horizontal planes are then 

R b  = - dLb and R, = 1 dL,. (B7) 

The total reflectance generated by the process described above 

is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR,  + Rb and the polarized reflectance is R, - Rb. 
Equations (Bl) to (B7) allow one to compute the contribu- 

tion to the polarized reflectance measured at the surface of the 

molecular single scattering followed by specular reflectance on 

isotropically distributed facets. The angular integration in (B7) 

cannot be solved analytically, but it is easily done numerically. 

Fig. 13 plots the results of the numerical integration for 

a molecular atmosphere at 450 nm (7 = 0.22). The total 

reflectance is on the order of 0.27% for small solar zenith 
angles. It then increases regularly and is on the order of 1.5% 

for a solar zenith angle of 60”. 
The polarized reflectance is much smaller. For solar zenith 

angle smaller than about 68”, the polarization is in the hori- 

zontal plane but it does not reach 0.04%. It then show a steep 
negative slope and is about -0.04% for a solar zenith angle 
of 70”. 

The degree of polarization is smaller than 0.04 for solar 

zenith angles less than 75”. It shows that this reflectance 

process (scattering then specular) is a poor polarizer. Each 

individual contribution (the dL*) is strongly polarized since 
both successive processes (molecular scattering and specular 
reflection) polarize the light perpendicular to the plane of 

Eo ”s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA27r Eo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2T 

scattering. However, since the planes of scattering of all 

incident directions are variously oriented, these contributions 
to the polarized radiance tend to cancel one another. It is 
likely that higher order scatteringheflectance processes are 

little polarized for the same arguments. 
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