" Discrete Ordinate Theory of Radiative Transfer
II. Scattering from Maritime Haze

By George W. Kattawar, Gilbert N. Plass, and Frances E. Catchings

The research described in this report was
funded by the
National Aeronautics and Space Administration .

Contract No. NGR 44-001-117

Department of Physics
Texas A&M University
- College Station, Texas 77843

December 3, 1971

A paper based on the material in this‘repOtt has been submitted

to the Journal of Atmospheric Sciences.



Discrete Ordinate Theory of Radiative Transfer
II. Scattering from Maritime Haze

George W. Kattawar, Gilbert N. Plass, and Frances E. Catéhings

Department of Physics, Texas A&M University, College Stétion, Texas 77840

ABSTkACT
Discfefe'éf&ingﬁé theory 1s used to calculatelthe réflecped and trans-
mitted radiance of photons which have interacted with plane-parallel mari-
time haze layers. The results are presented for three solar zenith angles,
three values of the surface albedo, and a range of optical thicknesses

from very thin to very thick. The diffuse flux at the lower boundary and

the cloud albedo are tabulated. The forward peak and other features in the

single scattered phase function cause the radiance in many cases to be very
different from that for Rayleigh scattering. In particular the variation
of the radiance with both the zenith or nadir angle and the azimuthal angle
is more marked and the relative 1limb darkening under very thick layers is
greater for haze M than for Rayleigh scattering. The downwar& diffuse flux
at the lower boundary for A = 0 is always greater and the cloud albedo is

always less for haze M than for Rayleigh layers.



1. Introduction
Discrete ordinate theory'is an entirely rigorous method'fpr the solu-
tion of the equations for radiative transfer. The general theory has been
presented by Preisendorfer (1965), while iﬁportant contributions to the
theory have been made by Twomey et al (1966) and more recentiy by Grant and
Hunt (1969). Plass, Kattawar and Catchings (1972) (referred to hereafter
as I) in the first papér in this series have presented the theory in a
particularly simple énd improved form designed for physical applications.
The theory given in our papers has the following important é_dvantages:
1. calculations can readily be made for large optical depths and with highly
anisotropic phase functions; 2. all orders of multiple scaftering are
calculated at once with a corresponding reduction in computer time over
methods involving iterations; 3. layers of any thickness may be combined,
so that a realistic model of the atmosphere may be developed from any ar-
bitrary number of layers (the thicknegs of each layer as well as its optical
properties may be chosen without regard to the properties of the ofﬁer
layers); 4. results are obtained for any desired value of the surface
albedo (including the value unity) as well as for any polar angle which
correéponds toone of the set given by the Lobatto integratibq scheme for
the number of integration points chosen (the polar angle © = 0° is always
included in the set); 5. all fundamental equations can be'interpfeted
immediately in terms of the physical interactions appropriate to the problem.
In this paper we present the results of calculations of the upward
and downward‘radiancé for scattering from maritime hazes of various optical

thicknesses and with various ground albedos. The haze M model proposed

by Deirmendjian (1969) is used. The number of particles with a given



%),

radius is proportional to r exp(—8.944.r wﬁere'r is the particle radius.
The mode radiué or size of maximum frequency in the distribution is 0.05 u.
The single scattering phase function is calculated assuming a wavelength
of 0.75 u and a real index of refraction of 1.34 from Mie‘theorvy by the
method described by Kattawar and Plass (1967). A Lambert surface is
assumed in these discrete ordinate calculations with a'surfacg albedo A.
The single scattering aibedo of the haze drOpletsAis taken as unity.
Resulté for a maritime haze previously rgported in the literature
include: Kattawar and Plass (1968), upward and downward raaiance calcu-
lated by a Monte Carlo method for Mg = 0.1 and 1, A =0 and 1, T-= 0.01,
1, and 10; Hansen (1969), upward ra?iance only calculated by'tﬁe doubling
method for all values of ué, A=0, T =0.5 to 32; Dave and Gazdag (1970),
uﬁward and downward radiance calculated by the successive scattering itera-

tive method for uo = 0.5, A=0, 1 =0.1 to 1, where L is the cosine of the

' angle between the veftical and the direction of the incident radiatiom.



2. Computational Aspects

The phase function for the haze m model was evaluated at every 2° in-
terval starting at Q°. This function was then decomposed intd a Fourier ex-
pansidn, i.e., -

: o N ' _
p(cos 0) = Eo_pk(u,u') cost (o~ ¢") | | 1)
where the 1imit:of the summation N is a function of u and uf for a desired

degree of accuracy. The reason for this functional dependenée follows from

the expression

cos © =pup'+ Vi;pz : V/l-ﬁfz cos (¢-¢'); _ (2)

différent pertions of the phase function curve aré covered as cos (¢-¢')
varies between *1 for differént values of u and u'. This dependence was
first investigated by Dave and Gazdag (1970). |

For the discrete ordinate representation the values for p and u' afe
obtained from the abscissa of a Lobatto integration, which fits a phase func-
tion of 8lst degree exactly. The maximum value of N used in Eq. (1) was
89 for uw = p' = 0.0378. The criterion used to truncate theqefieé*was that

the number of terms pz(ui,u ) (see Eq. (28) of I) used in Eq. (1) should be

] ,
sufficient to fit the original phase function to at least 1% for ¢;¢"= 0°,
30°, 60°, 90°, 120°, 150° and 180°.

It was found that the error vector namely

. -1 -
ej = iil(Po(ui.uj)Ci)-(ZW) y =1, 2’. s 2 3 » My



. where for this particular case n = 42 and m = 21 was only a few hundredths of

a percent of tﬁe normalization constant. From this correction vectorns a smali
symmetric correction matrix was generated w?ich was added;to.the po(ui,uj)

to insure normalization to full machine accuracy. The modified single scatter-
ing phase function 1s shown in Fig. 1. This is the actuai phase function used»
in the calculation. It was generated by using Eq. (1) for_the renormalized

po(ui,uj). It agrees with the original haze M phase function to within 1%

for all values of cos © presented.

Once the pz(ui,u ) were obtained, the infinitesimal generetors of the

|
star semigroup were calculated (see Eq. (24) of I). Further details of the

discrete ordinate method are given)in I.

The stability of the doubling equations was tested by calculating the
total flux for a conservative scattering atmosphere for various optical depths
up to T = 4,096. The flux was conserved in all instances to 1 part in 105.

It is particularly noteworthy that the entire ealculationﬁwhich includes the
computation of the reflected ano transmitted radiance for optical depths

up to 4,096, 21 angles of incidence, and Lambert ground albedos of 0, 0.2, and

1.0 took only 4 minutes on.a CDC 7600.



3. Upward Radiance for Haze M Model

The results of calculations for the upward radiance of photons interacting
with a haze M layef.are presented in this section and compared with the re-.
sults for Rayleigh_scéttering given in I. The incoming solar'flux.is nbrmal-
ized to unity in all cases. The upward radiance at the top"of';ﬁe haze lajer
is given in Figs. 2a, 2b, agdnBa for-ub (cosine of solaf;zenith aﬁéie) =1,
A (surface'alﬁe&o) = 0, 0.2, and 1. When the optical depth 1is smali and
A = 0, the upward radiance is proportional to the single scattering function
for the angle of scaﬁtéring divided by u, the cosine of the zenith angle; the
radiance haé a minimum-for intermediate valueé of u. As t increases through
the value 1, the maximum value of the radiapce moves from tﬁé'horizon to larger
¢ values, until fo:_large values of T the maximum is at‘thé zenith with a
.horizqn darkening.‘ in al1 of thé curves for upward radiénce; the last plotted
points for the largest T value in each figurevdefine the limiting curve for
large T3 the'poiﬁts forjlarger T values do not deviate from this limiting curve
by more than the Qidth of the symbols.

When A = 0.2 (Fig:. 2b), the upward radiance is independent of u for
small 1. As 1 increases, the radiance first decreases at the horizon and then
increases. When A = 1 (Fig. 3a) the upward radiance at thé_horizon decreases
as T ihcreases, while the value af the zenith increases.

The particular value My = 0. 5379 was chosen in order to give an example
of the radiance variations at another solar zenith angle. The upward radiance
is given in Fig. 4 wheﬁ A=0 and ¢ = 0° and 180°. The azimﬁthallangle ¢ is

measured from the incident plane which contains the incident ray and the zenith



direction; the antisolar point occurs when ¢ = 180°. Thus éé'u varies from
the left to the righf in Fig. 4, we obtain the radiance v&lues from the solar
horizén to.the nadir and then back through the antisolar ﬁoinf to the anti-
solar horizon. fhe‘fadiance for T << 1 increases much more'qear the solar
horizon as u approachéé 0 than for Rayleigh scattering; it sﬁbws an increase
at the antisolar:boint (corresponding to the.incréase in the phase function
as the scattering éngle approaches 180°).

The 1imiting‘cdr§e-for large T;is asymmetric with larger radiance values
near the solar horizon. The corresponding radiance curves'for ¢ = 90° are
shown in Fig. 3b; fprjlarge T there is horizon darkening in’this plane which
is at right angles to the incident plane. |

- As an example of fhe case when the sun is near the hofiion, the value
M, = 0.1882 was chosen. The upw#rd radiance is shown in Fig. 5 when A.= 0
and ¢ = 0° and 180°. When Tt << 1, the radiance decreases‘élmost four orders
of magnitude from tﬁe solar horiion to the nadir and reacheé,a minimm value
on the other side of the nadir (¢ = 180°); there is a sligﬁt increase in the
radiance at fhe antisbiar point., The limiting curve for largé T 1s markedly
asyﬁmetric falling more than an order of magnitﬁde from the solar horizon to
the nadir while éhowihg relatively little variation from ;he:nadir ;; the
antisolar horizon. Thére is mﬁch less vaFiation with p in the limiting curve
for Rayleigh scattering:(Fig. 5 of I).

The rédiance varieé much more with ¢ for haze M than fér Rayleigh_scatter—
ing. The radiance in the plane ¢ = 60° and 120° is shown in Fig. 6 and for
¢ = 90° in Fig. 7a.‘ The radiance near the solar horizon for-a given value of
T decreases more than an order of magnitude from the point Wifh ¢ =0° to

¢ = 90°. 1In the curves of Figs. 6 and 7a, horizon brightening changes to
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horizon darkening as T'incregses. ‘The limiting curve for large T-hasﬁa slight
maximum above the sblér horizon. “

The next set Qf,éurves'is for A = 0.2. The upward :adiance for u_ = 0.5379,
A=0.2, and ¢ = 90° is shown in Fig. 7b. When T << 1, tﬁe radiance is inde-
pendent of u since all of the photons have been reflected from the assumed
Lambert surface. As T increases a maximum develops in the radiance curve at
an intermediate value éf Y. The limiting curve for largéivalues of f is the
same as that in Fig. Bb, since the surface albedo does not influence the re-
flected radiance whén T 1s sufficiently large. |

The upward radiance when y_ = 0.5379, A = 0.2, and ¢ = 0° and 180° is
given in Fig. 8. As T increases, the radiance becomes very.asymmetrié about
the nadir. The samé-cgrves for ¢ = 60° and 120° are given in Fig. 9 to
illustrate how these'durves vary.with ¢. In this plahe horizon darkening soon
develops as T inéréasés.

The upward radia@éé: for y=-0.5379, A = 0.2, ‘and ¢ = 0° and.180° is given
in Fig. 9. The maximum radiance for a given value of t is near‘thg_solar.
horizon when Tt is smail, but mers away from the horizon as t increases. These
curves are much less’asymmetricai about the nadir than those in the plane with
¢ = 0° and 180°. Thé curves have_to become completely symmetrical about the
nadir in the plane-with ¢ = 90°.

The upward radiance when W, = 0.1882, A ='0.2, and ¢ = 0° and 180° is shown
in Fig. 10. The radiance has a pronounced maximum near tﬁe solar horizon in
this plane. Even Qhen 7 = 0.001953 the radiance iqcreases‘aépféciably toward
the solar horizon from its otherwige constant value, fhé-radiénéelnear the

nadir decreases at first as t increases from a very emall initial value. At
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first this behavior may gseem paradoxical, but of course the'rédiance is in-
creasing with % at other angles so that the upward flux alwéysvincreases
with 1. Near tﬁe ﬁadir there are very few single scattered photoﬁs from
haze M, since the‘probability of single scattering throughvéngles near 90°
is very small (see Fig. 1). Th;s, near the nadir the haze layer, as it
becomeé thicker, at first removes more photoﬁs scattered into this direction
from the Lambert plaﬁetary surface (A = 0.25‘than are added by scattering
from the haze.
| The radiance for the same paraﬁeters, but in the ﬁlane yiﬁh ¢ = 90°
is shown in Fig. lla; The radiance still decreases at fifsg with increasing
T near the‘nadir. The limiting curve for large Tt shows relafively little |
| variation with p. These curves have quite a different functional dependence‘
than those for Rayleigh scattering (Figs. 7 and 8a of I).  The Rayleigh
curves in the principal plane are nearly symmetric and the limiting curve for
large values of T in the plane with ¢ = 90° has a maximum at the last com-
puted point near the solar horizén. (
The next set of curves is for the case A = 1, The radiance when ué = 0.5379
and ¢ = 90° is given in Fig. 1lb. The radiahce decreases at all angles as T
increases and approache§ a limiting curve for iarge T around t = 4. There is
horizon darkening. The variation with y of the radiance invthe principal
plane is qualitatively similér.ﬁo that given in Fig. 12 and is not shown here.
The radiance wheﬁ uo = 0,1882, A=1, and ¢ = 0° and 180° is given in
Fig. 12 and for ¢ = 90° in Fig. 13a. The radiance developé.avstrong maximum‘
near the solar horizon in - the principal plane with a minimuﬁ near the nadir;
there is little variatioﬂ witﬁ ﬁ from the nadir to the anti-solar horizon.

This is quite different from the Rayleigh curve (Fig. 9 of I) which is



nearly symmetric about the nadir. The radiance for haze M shows an inter-
esting variation as T increases (Fig. 13a) with the limiting curve develop-
ing a maximum at an intermediate value of u. Again this is very different

from the Rayleigh curve (Fig. 8b).

11.
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4, waudhﬁw&fuﬁueMmﬁl

in this section the results are presented for the downward radiance at
the bottom of the hazeklayer as calculated by the discrete ordinate method.
The resuits are givee'fdr three values of the surface albedo,.A =0, 0.2,
end 1. The downward radiance for these three values of theealbedo is given
in Fige. }3b, l4a, and 14b respectively for u, = 1. When 1<21 the-radiance
has maximauat both ;he;zenith and nadir with a-minimum atlahﬂihtermediete
value of u. The radiance increases some as A increaees;'the inerease being
greater at the horizon than at the zenith. The large value for the radiance
at the zenith is due to the large probability of small angle.seattering events
with this phase functioﬁ; there is no increase in the radiance at the zenith
for Rayleigh scattering (Figs. 10a, 10b, lla of I).

The maximum‘value of the diffuse flux (not including the direct beam)
occurs for all valees of A when t-1. When 1>>1 the radiance depends critically
on the value of A. When A = 0 the radiance curve approaches a limiting
functional form with iipb darkening, but shifts downward as T increases. The
curves are qualitatively the same when A = 0.2, but all radiance values are
greater because of the‘ehotons reflected from the Lambert surface. When
™>>1 ahd A = 1, the downward radiance is a constant independent of u; since
there 13 no absorﬁ;ion the radiation becomes isotropic at great depths in
this case.

The amount of limb darkening for large values of‘r depends only on the
nature of the medium, but not on the solar zenith angle, since the photon
loses all memory of its initial direction through multiple collisions. Van
de Hulst (1968) has given an asymptotic form for the transmitted radiance

at the lower boundary of a medium and has shown that it is proportional to"



(t + C)-l, where C is a constant for a given medium. Thé radiance values for
large T obtained from our calculation vary as (t + 7.874)-1 to a good approx-
imation for any wvalue of u and uo., The ratio of thé downwafd radiance at

the zenith to the value near the horizon (last computed point.u = 0.03785

or 6 = 87.83°) for 1arg§ values of T is 3.346, 2.416, and 1.000 when A = O,
0.2, and 1 respectiVely; The same value to four significant éigures is
obtained for this ratiq'for‘ény value of L and for any vaiue of T such

that 1 2 64. For ﬁgyleigh séattering the corresponding valﬁes of the ratio
are 2,713, 2.115, and 1.000 for A = 0, 0.2, and 1. Thus there is comsiderably
more limb darkening under a thick cloud with haze M scattering than for one
with Rayleigh scattering. It is possible to determine some of the scattering
properties of the clqu&,layer even when it is very thick from a measurement
of the horizon darkening.

The downward rédiance fof M, = 0.5379; A=0, and ¢ = 0°'gnd ;80° is
shown in Fig. 15. When-r<l,.there is a strongtpeak in the diffuse radiance
around the solar diréétion, which disappears for large value éf t. There is -
also a strong minimum in the radiance curve when 1<l in the plane with
¢ = 180°., The curve for t = 4 is transitiénal, while the‘asymptotic‘fdrm is
closely approached fpfij ; 16. For a given value of t the dowﬁward radiance.
is greater for haze M than for Rayleigh scattering; more photons are sent
downward in the hazé_M model because of thé greater probability of small
angle scatter1ng. In the plane for ¢ = 60° and 120° (Fig 16) the radiance
values are more ﬁearly symmetric around the aenith than in Fig. 15. In the
plane for ¢ = 90° (Fié{'17a) horizon brightening changes to horizon darkening '
around t ~ 1. | |

The downward radiance for u, = 0.1882, A =0, and ¢ = 0° and 180° is

13
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'Asiven in Fig. 18,- As T increases the peak in the dlffuse flux near the

solar direction slcﬁlydmoves toward the zenith. When 1 Z*lé, the.limiting-
distribution has essentially been reached and the maximum'radiance is at

the zenith. It is intereating to compare these values with those for
Rayleigh scattering (Fig. 13 cf I). The haze M values for t <<l are an
order of magnitude greater near the solar horizon and an qrder of magnitude
less near the zenith. In Fig. 17b the radiance is given ln the plane for

¢ = 90°; especilally 1nteresting is the change from limb brightening to 1limb
darkening as T increases as well as the change in the p value for the maximum
radiance on each curve. The maximum radiance near the zenith occurs when

T ~ 1 for Rayleigh scattering‘(Fig.illb of I), and for t ~ 4 for haze M
scattering. In thévlatter case more optical depth is requiredito build
up'the diffuse radlance because of the smaller probability of scattering
angles near 90°. - | | |

Two examples are given here when A = 0. 2, both in the ¢ = 90° plane:

Uo = 0.5379 (Fig. 19a) and "o = 0.1882 (Fig. 19b). A moderate change in the
surface albedo causes only small variations in the downward radiance. The
largest change with' surface albedo occurs near the horizon with much smaller
changes near the zenith,

The downward radlance when no = 0,5379, A=1, and ¢ = 0° and 180° is
given in Fig., 20. The radiance values for t << 1 are greater than when A = 0
(Fig. 15), most noticeably from'the zenith to the horizon when ¢ = 180°,

When t > 16 the downward radiance approaches a constant limiting value since
no absorption has been assumed in the system. The radiance for ¢ = 90° is
given in Fig. 21a. When t < 1 there 1s limb brightening.

The downward radiance is shawn in Fig. 22 for u°‘= 0. 1882 A'8 l

N f
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and ¢ = 0° and 180°. The curves for small values of T have qualitatively
the same fofm as tﬁose for A = 0 (Fig. 18), but approach a constant value
independent of u, wheh T > 1. It is instfuctive to compare these results
for haze M scattering with those for Rayleigh scgttering (Eig..17 of -I).
The haze M values compared to the Rayleigh values for T < 1 are an order éf
magnitude larger near the solar horizon with a peak in thé_éolar direction,
are an order of magnitude smgller near the zenith, énd are considerably
smaller from the zenith to the antisolar horizom. |

The downward radiance for ﬂo = 0.1882, A=1, ¢ = 60° and 120° is given--
in Fig. 23 and for ¢ =.'90° in Fig. 2;:. .When t < 1 there is horizon brighten-
ing. For Rayleigh sgattering in the plane with ¢ = 90° the fadiance at the
horizon increases with incrgasing T, reaches a maximum for 7 ~ 0.1, and then
decreases to the limiting value.for large 1. This effect is not nearly as
marked for haze M scattering, because of the strong forward scattering and

relatively small number of single scattering collisions that are made at

angles near 90°.



16.

5. Flux

The diffuse flux at the lower boundary for A=01s ﬁresented in Table I
for three values of the solar zenith angle and for various opfical thicknesses
of the scattering layer. The values for Rayleigh and haze{M'spattering are
given in the ;hird and fourth columns respectivély._ The diffﬁse flux at the
lowerbboundarf is always greater for haze M than for Rayléigh scattering,‘since
more photons ére sent déep into the scattering medium by the numerous small
angle scattering eve#ts with haze M compa;ed to Rayleigh séattering.

The cloud albedo defined as the upward flux 1eaving the'scatterihg
layer per'unit incident flux when A = 0 is given in columns five and six of
Table I for Rayleigh and haze M scattering respectively. 'The single scat-
tering function is considerably larger in the backward direction for Rayleigh
compared to haze MIBCattering; thus the cloud albedo is always larger for a
layer of given optical thickness scattering according to the Rayleigh than
for haze M phase funcfion.

The present exact results can be used to evaluate the accuracy of the
Monte Carlo method. Kattawar and Plass (1968)‘have repbrted the flux for
Rayleigh and haze M sdattering for ¥o = 1l and t = 1. The Montg Carld results
for the diffuse flu# ét the lower boundary for Rayleigh and haze M écattering
with the discrete ordinate results in parenthesis are 0.289 (0.292) and 0.569
(0.569) respectively; The corresponding results for the cloud albedo are
0.343 (0.3405) and 0.0628 (0.0628). This comparison agrees with our previous
statements that the Monte Carlo flux values are accurate within 1 to 2% except
in unu;ual circumstances. Unfortunately this 1is thé only case where the “6

and 1t values are the same in the two calculatidns.



6. Conclusions

~ The radiance and flux for both the reflected and transmitted photons
has been calculated for a haze M layer by the discrete ordinate method over a
range of optical thiéknesses from very thin to very thick. The results are
presented for three.solat zenith angles and for three Qalueé of the surfaée
albedo. A comparison of these results with the corresponding results for
Rayleigh scattering shows a number of intereéting features. The variation
of the radiance with both u and ¢ is more ﬁgrked fof scattering from a haze M
than from a Rayleigh layer. The horizon dérkening‘relafiVe to fhé radiancg
at the zenith-is greater for very thick haze'vahan for kayleighvlayers.
The downward diffuse flux at the lower boundary for A = 0 is alﬁays greater
for haze M than for Rayleigh layers of the same optical thickness, whereas
the cloud'albedo is always less for haze M,

This work was suppbrfed by Grant No. NGR 44-001-117 from the National

Aeronautics and Space Administration.
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Legend for Figures

Fig. 1. Single scattering phase function for haze M as g_function of tﬂe_
cosine of the scatteriﬁg angle u. The upper right inset éhows the phase
'function for scattering angles near 180°.

. Fig. 2. Upward radiance at top of the atmosphere for haze M scattering for
o = 1 aé.a functioﬁ of the cosine of the nadir angle ﬁ. Each curve 1s for .
a particular value of the optical thickness t (see legend on Eig. 3). The
left hand figure is for A = 0 (Fig. 2a) and the right hand figure is for

A= 6.2 (Fig. 2b). The limiting curve for large 1t is the same as the last
plotted curve within the width of the symbols. All curves are normalized

to unit incident flux.

Fig. 3a. Upward radiance forvuo = 1 and A = 1; Fig. 3b. Yo = 0.5379, A = o,
and ¢ = 90°. See legend to Fig. 2.

Fig. 4. Upward rgdiance for y, = 0.5379, A = 0, and ¢ = o?‘and 180°. See
legend to Fig. 2. |

Fig. 5. Upward radiance for My = 6.1883, A= O? and ¢ = O°‘and 180°. See
legend to Fig. 2. v

Fig. 6. Upward radiance for u, = 0.1882, A = 0, and ¢ = 60° and 120°. See
legend to Fig. é. _

Fig. 7a. Upward radiance for By = 0.1882, A = 0, and ¢ = 90°; Fig. 7b. Uy =
0.5379, A = 0.2, and ¢ = 90°., See legend to Fig. 2.

Fig. 8. Upwafd radiance for u, = 0.5379, A = 0.2, and ¢ = 0° and 180°. See
legend to Fig. 2. o |

Fig. 9. Upward radiance for p, = 0.5379, A = 0.2, and ¢ = 60° and 120°. See

legend to Fig. 2.

20.



21.

Fig. 10. Upward radiance for u, = 0.1882, A = 0.2, and ¢ = 0° and 180°.

See legend to Fig. 2. o

Fig. 1la. Upvard radiance for u = 0.1882, A = 0.2, and ¢ = 90°; Fig. 22b.
u, = 0.5379, A=1, ¢ = 90°. See legend to Fig. 2.

Fig. 12. Upward radiance for By = 0.1882, A= 1, and ¢ = 0° and 180°., See
legend to Fig. 2. ‘ | |

- Fig. 13a. Upward :adiance.for M, = 0.1882, A=1, and ¢ = §O°; Fig. 13b.
downward radiance for'uo =1 and A = 0., See legend to Fig, 2.

Fig. l4a. Downward radiance for B, = 1l and A = 0.2; Fig. 145. u, = 1

and A = 1. See legend to Fig. 2. 4

Fig. 15. Downward radiance for u, = 0.5379, A =0, and ¢ = 0° and 180°.

See legend to Fig. 2.

Fig. 16. Do&nyard radiance for M, = 0.5379, A =0, and ¢ = 60° and 120°.

See legend to Fig.2. | :

Fig. 17a. Downward radiance for Mo = 0.5379, A =0, and ¢ = 90°; Fig. 17b',
My = 0.1882, A =0, and ¢ = 90°.. See legend to Fig. 2.

Fig. 18. Downward radiance foru,=0.1882, A = 0, and ¢ = 0° and 180°. See
legend to Fig. 2.

Fig. 19a. Downward radiance for uy = 0.5379, A = 0.2, and ¢ = 90°; Fig. 19b. .
| M, = 0.1882, A = 0.2, and ¢ = 90°. See legend to Fig. 2. '
Fig. 20. Downward radiance for u = 0.5379, A =1, and ¢ = 0° and""180°.
See legend to Fig. 2, |

Fig. 2la. Downward radiance for u, = 0.5379, A =1, ¢ = 90°; Fig. 21b.
My = 0.1882, A = 1,‘¢ = 90°. See legend to Fig. 2.

Fig. 22. Downward radiance for M, = 0.1882,. A=1, ¢ = 0° and 180°. See
legend to Fig. 2.

Fig.23 Downward radiance for b, = 0.1882, A = 1, and ¢ = 60° and 120°.

See legend to Fig. 2,
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