


Application of ONEDANT to the Transport of Solar Radiation in the Earth's 

Atmosphere 

Abstract 

The paper shows in detail, how ONEDANT can be used for atmospheric solar 

radiation transport calculations. This includes the implementation of a 

Bidirectional Reflection Distribution Function (BRDF) as a lower boundary 

condition and the replacement of the unidirectional solar source by a first 

collision source and an additional source at the lower boundary. 

I. Introduction 

Due to the formal equality of the equations governing the transport of 

neutrons and photons (radi~tion) both being uncharged particles, the discrete 

ordinates computer code ONEDANT (Ref. 1), originally designed for neutrons 

transport calculations, can also be applied for radiative transport calculations 

(Ref. 2). The capabili~y of 'the code to allow for detailed specification of 

boundary sources, boundary conditions, and internal volumetric sources allows to 

introduce the sun as a unidirectional boundary source, representing the plane 

wave of solar radiation reaching the top of the atmosphere, or as a first 

collision source. The latter representation can be interpreted as the 

replacement of the solar source at the top of the atmosphere by the diffuse 

radiation distribution created by the first impact of the direct solar beam on 

the scatterers and absorbers in the earth atmosphere (Fig. 1). Although both 

concepts are equivalent from the theoretical point of view (ONEDANT computes the 

first collision source itself as a first guess for the radiance distribution), 

they lead to slightly different results, possibly due to the fact that a 
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delta-function (unidirectional boundary source) can be treated by ONEDANT only 

approximately. 

The use of the first-collision source has some practical advantages over 

the boundary source solution: 

a) 	 The concept of the first collision source allows for separate treatment of 

the direct solar beam and the diffuse radiation created by the direct solar 

beam. This is especially usefull in cases the separation of the effects of 

the direct and diffuse components of the radiation is desired. 

b) 	 The first collision source enhances the flexibility of a transport code by 

allowing different cross-sections for the direct radiation and for the 

diffuse radiation. Since the solution for the direct beam is analytical, 

any scatt~ring phase function, and even angle-dependent extinction and 

absorption cross-sections are possible. This can be useful for the 

radiative transfer through a medium of non-spherical particles with 

non-random orientations like cirrus ice crystals or the leaves of a plant 

canopy. 

c) 	 Any solar zenith angle is feasible with the first collision source 

approach. This is especially useful for discrete-ordinates codes because 

of their discrete set of angles. 

d) 	 Finally, the concept of the first collision source is a remedy to avoid at 

least partially the ray-effect (Ref.3) in discrete-ordinates models for 2 

and higher dimensional geometries. 
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In the case of thin media (thickness of the medium in the range of only several 

mean-free paths), as is the earth atmosphere, a problem arises because part of 

the direct solar beam reaches the lower boundary.. This causes no problem for 

vacuum or totally absorbing lower boundaries because nothing is reflected back 

into the medium from the direct beam. For reflecting boundaries, however, the 

reflected direct beam has either to be traced back through the medium again 

(separately for all reflected directions), or it has to be included in the first 

collision source, or it has to be added as an additional boundary source at the 

reflecting boundary. 

The following chapter shows the equations leading to and defining the solar 

boundary source, the solar first collision source, the BRDF and the treatment of 

the reflected direct beam at the lower boundary. Chapter III gives detailed 

information, how these cpncepts are to be introduced into ONEDANT. Chapter IV 

shows examples and comparisons of the different options described. 

II. Theory 

When the solar source is given as a boundary source, the equation of radiative 

transfer is given by the following expression: 

v·§ v(i,A,§) + a(i,A)~(i,A,~) • J d~'as(t,A'~'~')v(i,A,~,) (1) 

4n 

with 

radiance 


volume extinction coefficient 


scattering transfer probability 
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The only assumption so far is, that the scattering transfer probability is 

~.~'dependent on the scattering angle ~l ~l = cos8s alone. There are problems which 

need more general descriptions of, the scattering transfer probability (or 

scattering phase function) and even angle dependent extinction and absorption 

cross-sections, as pointed out earlier. But there are presently no transport 

codes which can treat such scattering probabilities in full generality. 

To solve Eq. 1 the following must be specified: 

a) The scatterers and absorbers in the medium by a and as' 

b} The upper boundary: 

The upper boundary is seen as the top of the atmosphere and must by this be 

specified as a vacuum or completely absorbing boundary. The solar input can be 

specified as a unidirectional boundary source according to 

(2) 

with 

So solar constant [Ym-2 ] 

top of the atmosphere [m]r t 


~o incoming solar direction [sr] 


o Dirac's delta function 

c} The lower boundary: 

For the earth-atmosphere system this is a partially reflecting boundary with 

more or less detailed angular characteristics, also called the Bidirectional 

Reflection Distribution Function (BRDF). The BRDF is defined by the expression 

(Ref. 4): 
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(3) 


By this definition of the BRDF the reflected radiation in direction ~r,dWr' 

which originates from the incoming radiation Wi within the solid angle d~i is 

given by 

(4) 

The radiation l'n dl'rectl'on" ./. (,.) l'S then obtained by integration over all~r''''r ~r ' 

incoming directions : 

(5)~r(~r) - J fr(~i'~r)·~i(~i)·cOSei·d~i 
2Jt 

For the following discussions we abbreviate this expression by 

(6) 

or omitting the angular dependencies 

(7) 

Having formulated the cross-sections, sources, and boundary conditions, we 

introduce the concept of the first collision source. To do so we split up the 

radiance into two parts: 

1. 	 Wb: Reduced direct solar beam with the solar constant So'&(~-~o) as only 

source. This part is only attenuated by scattering and absorption on its 

path through the atmosphere. 
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2. ~d: Diffuse radiation with two sources: The radiation scattered from the 

direct solar beam (first collision source) and the radiation of the direct 

solar beam, which reaches the lower boundary and is scattered by the BRDF 

back into the medium (reflected direct radiation) (see Fig. 1). 

Omitting all the dependencies we have the equations: 

(8) 

with the boundary conditions: 

b) vacuum at the upper and lower boundaries 

and 

I II 

9'~d +~d =J d~"s'~d +J d~"s'~b (9) 

4n 4n 

with the boundary conditions: 

a) vacuum at the upper boundary 

b) BRDF at the lower boundary 

c) external source ~r = BRDF'~b at the lower boundary. 

The equivalence of these formulations with (1) can be shown by simply adding (8) 

and (9) and writing ~ = ~b + ~d' 
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2.1 First Collision Source 

The solution of (8) is needed to compute the first collision source (part 

II in (9)). (8) can be solved analytically giving: 

z(l) 

Vb(t.A.~) : so·exP[-l/coseo·J .(Z')dZ'l·.(~-~o)· I(t)·.(~-~o) (10) 

Zt 

I(l) is the radiance of the direct solar beam reaching l. We will use this term 

frequently in this and subsequent chapters. By replacing ~b in II by (10) we 

obtain for the first collision source Q the expression: . 

Q(l,A,~) J ·s(t.A,n'.~).I(t.A) .•(~,-no)d~' 
41tor 

( 11) 

2.2 Lower Boundary 

To obtain for the first collision source formulation the lower boundary 

source, which is the reflected part of the direct solar beam reaching the 

boundary, we combine equations (10) and (5). The radiance distribution of the 

reflected direct solar beam is then determined by: 

J fr(~i'~r)·Vb(t(Z-O)'~i)·cosei·d~i 
21t 

J fr(~i'~r)·I(t(z:O»··(~i-~o)·coSei·d~i 
21t 

(12) 
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From the theoretical point of view, there are at least two possibilities to 

take into account the reflection of the direct solar radiation at the lower 

boundary, without introducing a boundary source: 

i. 	 Transformation of ~b (t(z=O» into an equivalent volumetric source which is 

added to the first collision source in the lowest layer. 

ii. 	 Transformation of ~r as given in (12) into an equivalent volumetric source 

which is added to the first collision source in the lowest layer. 

The options i. and ii. can only be approximations to (12) since every numerical 

code to calculate the radiative transfer is restricted to layers of finite 

depth. Normally a volumetric source has to be defined at the center of such a 

layer. To assure that radiation originating from the source option i. is not 

subject to scattering and absorption in the layer where it has been introduced 

and to assure that scattering and absorption of the reflected radiation from the 

boundary to the center of the layer is taken into account, it is recommended to 

create an additional vacuum layer, which contains only the source (option i. or 

option ii.). 

The mathematical description of the equivalent volumetric sources results 

from the following considerations: 

Case i The volume integral - or in the case of one-dimensional models, the 

integral over the vertical space dimension over the equivalent volumetric 

source must produce a radiance equivalent to ~b(t(z=O»: 

JOi(i.A.~)dV' (13) 

6VL 
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Case ii 

(14)J011(1,A, ll)dV' = ~o' I (t( zoO) ,A)' f r(llo' ll)· cosS 

/lVL 

In (13) and (14) we used the notions: 

Q~. equivalent volumetric source for Case i. 
Qll equivalent volumetric source for Case ii. 
/lVL volume occupied by the source (layer depth in 1-dim.) 

Since most codes can handle only homogenously distributed sources within a 

layer, the sources are then defined by 

(15) 

(16) 

3. 	 Implementation into ONEOANT 

ONEOANT allows the following input specifications, which makes the theory 

explained in chapter II applicable to ONEOANT: 

i. 	 boundary conditions 

- vacuum no reflection of radiation reaching the boundary 

- white total reflection of Lambert-type 

- albedo partial reflection of Lambert-type 

- BROP bidirectional reflection distri.bution function (only 

available in a special version). 
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ii. sources 

-	 boundary sources at both boundaries by specification of the radiance 

of the pertinent direction(s). However only a special version 

allows for both non vacuum boundary conditions and boundary sources 

at the same boundary simultaneously. 

-	 volumetric (internal) sources, specified at the center of each layer 

and assumed to be constant throughout the layer (boundary sources 

within the medium are not allowed), 

The following three sub-chapters describe in detail how the solar source in 

atmospheric modelling has to be introduced as a boundary source, how the BRDF 

must be specified, how the first collision source can be computed and how it has 

to be introduced to ONEDANT. It is shown how in the case of the first collision 

source representation of the solar source the reflected direct beam is 

introduced by boundary sources and by the equivalent volumetric sources. 

3.1 Solar Input as Boundary Source 

Due to the large distance between sun and earth, the radiation reaching the 

top of the atmosphere can be treated as unidirectional. This radiation is given 

by the solar constant So[Ym-2 ], which is the irradiance of a unit area 

perpendicular to the direction of the solar radiation. The irradiance of a unit 

area of arbitrary direction is proportional to the cosine of the angle between 

radiation and surface normal. So the irradiance at the top of the atmosphere Sb 

is given by: 

(17) 

90 : sun zenith angle 
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This must be introduced to ONEDANT as a boundary source. The boundary source 

must be specified for the code by the radiance values for the incoming 

directions. Due to the angular discretization in discrete ordinates methods, 

the specified radiance values are assumed to be constant or representative for 

the solid angle associated with the particular discrete ~irection. This solid 

angle is proportional to the weight wi of the particular discrete direction. 

Since the weights are normalized to unity in contrast to 4n for the associated 

solid angles 

NDIR2Wi = 1.0 (18) 

i=l 

NDIR number of discrete directions 

we have the relation 

(19) 

for the solid angle occupied by the discrete direction i. The following 

formalism determines the correct input radiance: 

· J ~(~)'cose'd~ (definition of flux) 

2n 

NDIR/2

; 2 ~i·cosei·(wi·4n) (discretization) 

i=l 

(unidirectional) 
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The subscript io indicates the sun direction. By this the correct input 

radiance for the solar input is given by 

(20) 

NOTE: The dependence of ~io on the weight of the pertinent discrete direction 

makes the input radiance value not only dependent on the chosen sun zenith angle 

eo but also on the chosen type of quadrature set (Gaussian, double-Gaussian, or 

generalized). Further, the sun zenith angle can only be chosen among the 

discrete ordinates. It should be noted, however, that eo is arbitrary, when the 

first collision source is used instead. 

Input of the boundary source ~io is specified in the generalized ONEDANT 

input file ODNINP by the array SARITE (= Source Anisotropic RlghTE boundary), 

which contains the source values for all inbound directions (NDIR/2 directions): 

SARITE 
(21) 

3.2 Bidirectional Reflectance Distribution Function 

The BRDF as defined in (3) is a differential expression and has to be 

transformed into an express~on suitable for the discrete ordinates code. ONE

DANT expects a two-dimensional array, LBEDO(NDIR/2,NDIR/2), (LBEDO stands for 

Left alBEDO) with the following definition: 

= radiance of reflected direction r originating fromLBEDO(i,r) (22)flux from direction i with respect to surface 
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This can be derived directly from (4). To obtain the radiance into direction r, 

which originates from the discrete direction i, (4) has to be integrated over 

the solid angle associated with this discrete direction: 

W . = ·w·(2,)·cos8.·d2.I Ir,l r 1 1 1 1 

d~i 

; Ir'Wi(2i)'cos8i'(wi'4n) 

which leads to the definition 

(23) 

which is equivalent to (22). 

However, due to different normalization in ONEDANT Ir must be introduced 

without the factor 4n in the denominator: 

Wr,i 

(24) 

RFi,r specifies now how much radiance coming in from direction i is reflected 

into direction r. RF is often referred to as the reflectance factor (Ref. 6). 

LBEDO must be written on ODNINP as a i-dimensional array first index changing 

first. 

The following subchapters give examples for three widely used partially 

reflective boundary conditions. 
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3.2.1 Specular BRDF 

If RF is the assumed proportionality factor ~r,i/~i ' the BRDF has the form 

LBEDO(i,r) (25) 

Note that the upward directions are ordered in the same directions as the 

downward directions for the 2-angle geometry assumed here. Due to the different 

ordering of the directions, r must be exchanged by r' = NDIR/2+1-i for 1-angle 

geometry. 

3.2.2 Retro-Reflective BRDF 

Retro-Reflective means that reflection is into the opposite direction of 

the incoming direction. The pertinent expression is similar to (25), but here 

the the number of the reflection angle ri belonging to the incoming angle i has 

to be determined from the numbering used in the quadrature set in ONEDANT: 

LBEDO(i,r) (26) 

The discrete directions for 2-angle geometry are ordered with the downward 

directions first. The retro-reflection angle for the incoming angle with number 

i is given 'by : 

ri : {s -INT[(i-l/(NDIRIS)-l]}O(NDIRIS) + i - INT[(i-l)/(NDIRIS)]O(NDIRIS)o(27) 

Obviously for I-angle geometry specular and retro-reflective reflection cannot 

be distinguished. So, the formulations in 3.2.1 can be used. 
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3.2.3 Lambertian BRDF 

Lambertian means that the reflected part of the incoming radiation is 

equally distributed over all reflected directions for all incoming directions. 

A Lambertian albedo is fully described by the albedo a , which is defined by the 

fraction of the reflected to the incoming flux at the surface. The 

interrelation between albedo and BRDF is then given using (5) by 

Since the BRDF is constant by definition fr can be moved in front of the 

integrals. . Since the integration over the incident directions is independent 

from the integration of the reflected directions, we can write: 

And finally 

(28) 

For ONEDANT we have to replace the integral by the sum omitting again the factor 

4n , which leads to the expression 

NDIR 

LBEDO(i,r) = a / 2 Ur·Wr = 4·a (29) 

r=(NDIR12)+1 
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¥,fith both i and r ranging from 1 to NDIRI2. 

3.3 First Collision Source 

The code representation of a volumetric source is a ,Legendre series 

expansion of the form : 

NMO 
... .,. '\ ... .,.- ... 

O(r,A,~) = L (21+1)'Rn(r,A'~)'On(r,A) (30) 

n=l 

source moments 


spherical harmonics 


NMO number of source moments 


Only the source moments On must be provided to the code in the array SOURCF 

in ODNINP. The explicite form of the spherical harmonics is dependent on the 

geometry chosen. The number of moments required is dependent on the scattering 

order chosen by ISCAT and the geometry. Here only the 2-angle plane geometry is 

discussed. The 2-angle plane geometry allows for variations of the radiation 

field in both zenith and azimuth angle, which is necessary for solar atmospheric 

radiation transfer because scattering in the atmosphere is generally 

anisotropic. The functions of Rn are given by: 

Rl = Fo'Po 

R2 = Fl 'Pl 

1 1 


R3 = Fl ' P1• cosq, 
1 1 .

R4 = F1'P1'smq, 


Rs = F2 . P2 




-17
1 1 

~ = F2 'P2 'COS+ 
1 1 . 

R7 :- F2 • P2 • sln+ 
2 2 

Re = F2' P2 . cos2+ 

'2 2


Rg '" F2 'P2 'sin2+ 


R10 F3 ' P3 

1 1 

Rll = F3 • P3' cos+, 


etc. 


with Fi = 1 for i = 0,1, , 


2(I-m)! 

(l+m) ! 


Legendre Polynomials 

pT Associated Legendre Polynomials (31) 

3.3.1 Computation of the source moments Qn 

The source moments are defined by the general equation: 

an - :. J d~·Rn(~)·a(r.A.~) (32) 

4Jt 

The number of source moments NMQ is for the two-angle plane geometry given by 

NMQ :: (ISC + 1)
2 

(33) 

with ISC the scattering order desired (0,1, • .). ISC must not exceed ISCT, 

the scattering order for which the code is integrated. To perform the 

integration in (32), the first collision source, Q(t,A,Q), given by (11), is 

expanded in the form of a Legendre polynomial series. Thus we need the 
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scattering transfer probability as(t,X,~·~o) represented by Legendre 

polynomials: 

ISCT 

(34)·S(t,A,1I·1I0) = 2 (2!~ll·~(t'A)Pl(1I·1I0) 
1",0 

By inserting this into (11) we get: 

ISCT 

(35) 

1=0 

Q(t,A,~) - I(t)2 (2!~ll.~(t'A)Pl(~·~O) 

Using the addition theorem of the Legendre polynomials to expand Pl(~'~o) = 

. -
Pl(~) with ~ = cos e and e the scattering angle 

1 

2\ (l-m)! pml(~)pml(~o)'cos[m(~-~o)l (36)L (l+m)! 
m=l 

we get for the source: 

(37) 

Ye used 

(38) 

Now we perform the integration in (32). The two cases m = 0 and m ~ 0 are 

treated separately. 
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a) m = 0 

+1 21t 

a1(t,A) • :. J d~ Jd' Pl(~)·a(t,A,~) 
-1 0 

21t 

= ~'I(¥,A).21+1 1(~ A) Jd\Jd.Pl(~)Pl(~)41t 41t Cfs r, 

o 
Jy 

2. 2= 
It 21+1 

(39) 


b) m ~ 0 

oT,cos = 
sin 

+1 21t 

~~~ =tg·J J d~d' pT(~)'~~~; :~ 
( -1 0 J

Y' 
2 (1+m)! 

-It
21+1 (l-m)! 

2(1-m)! pm(....,.,.._,.-:-.
(1+m)! 

) cos m·1l '. '1'0 (40)1 0 Sln m+o 

The 01 and O~,cos ordered with 1 0,1 ... m = 1,2 .. 0' 1 and 
sin 

subscripts {~~:} designate the On required by the code. 
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To obtain the moments of the first collision source the moments of the 

scattering transfer probability a~ and the total extinction cross-sections a are 

needed. Both can be obtained from the cross-section file XSLIB if already 

computed. For 1-angle geometry (no azimuthal dependence), only the moments 
..,

01(r,A) are needed. 

3.3.2 Effective Source 

Since the code treats only a finite number of layers with finite depth 

there is still some arbitraryness as how to compute the first collision source. 

The simplest way is to use (11) directly and use the value of I in the center of 

the layer. This implies that not only the cross-sections are constant 

throughout the layer, but also the strength of the direct solar beam does not 

change its magnitude within the layer. This is the way the first-collision 

source is computed internally in ONEDANT, when the sun is introduced as a 

boundary source. 

A more realistic value can be computed by integrating the profile of source 

strength over the layer and divide it by the layer depth. This source 0* we 

call an effective source: 

Zti CD 

1 .J a (z',~·~ )·S .exp[-~'Ja(Z")dZ"ldZ' (41)
Zti-Zbi s 0 0 ~o 

zbi z' 

with 

i : layer number 


Zti : top of layer i 


zbi : bottom of layer i 
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Ye assumed plane-parallel layers and homogenity in horizontal directions so 

that all quantities have only a vertical variation along the space coordinate. 

Yithin the layer the cross-sections are assumed to be constant, which gives 

. Zti ~ 

0*(i,2) _1__ a - S -J exp [-..!.. Ja<z" )dZ"] dz'6h. S 0 \.I 
1 0 

zbi z' 

Ye omitted the dependencies of as' put the solar constant in front of the 

integral and replaced Zti - zbi by 6hi , the depth of layer i. Now we split up 

the integral in the exponential 

0*(i,2) a(z" )dz" - "~ Ia(z" )dz" ] dz' 

Zti 

The last exponential can be written in front of the integral, since there 

is no dependency on Z': 

Zti Zb' Z'l ___________1 1 
----=y~ 

X 

Since the total cross-section is assumed to be constant throughout the layer, 

ai' we get 
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Zti 

· x.{-[<:]eX{,>i'(Zti-Z,)lI 
zbi 

= X· [~;) [exp[_,10,ai' (ZtCZti») - exp [-,10' ai' (Zti-Zbi») 1 

= X, [1, - exp [-,10' ai . 6hi II 
and finally: 

Q*(i,-sh . (42) 

1'(i) 

So 1(t) in (11) has to be replaced by 1'(i). 6h i is the geometrical layer 

depth. 
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3.4 Direct solar beam at the lower boundary 

3.4.1 Boundary source solution 

A boundary source at the lower boundary has to be introduced to ONEDANT by 

the array SALEFT(NDIR/2) in the input file OPNINP. SALEFT is computed by 

transferring (12) into discrete form by using the LBEDO(NDIR/2,NDIR/2) array. 

Ye must keep in mind, however that the LBEDO array differs from the actual BRDF 

by a factor of 4n. So, the left boundary source representing the reflected 

direct solar beam at the lower boundary is given by 

(43) 

with 

r = 1, •.. ,NDIR/2 

io : solar direction. 

3.4.2 Equivalent volum~tric source solution 

3.4.2.1 Downward direct solar beam 

To introduce the downward direct solar beam reaching the lower boundary as 

an additional volumetric source within the lowest layer, we have to calculate 
-the source moments A' from equation (15) in the same way as we did in part 3.3.1 

with the first-collision source. This is trivial since we are dealing with a 

o-function. 
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Using similar notations as in (39) and (40) we get: 


1 lloI(z:O)1 m .. 0 .. 
• J PI(J,l)'Oi'd~ ;, 'PI(J,l ) --0of 

4 4n lUll 0 

4n 

4\ J 2(I-m)!.pm(J,l)'C<?S m+·Oi·d~m " 0 ol,c<?s (l+m)! I Sln m+
Sln 

4n 

1 lloI(z:O) i (l-m) !' m cos m+A 

= (44)4n 6h • \l+m)!' PI (J,lo)' sin m+~
i 

The d'ifficulties involved by approximating a 5-function by a series of 

polynomials will be discussed later. It 'should be po in ted ou t tha t the 

specification of the solar direction (llo'+o) is independent of the angular 

discretization. 

3.4.2.2 Reflected direct solar beam 

Now (16) must be expanded in a series of Legendre polynomials. First we 

have to transform (16) in a discrete formulation because fr is not known to the 

code as an analytical function. We split Oii(~) in a sum of sources, one for 

each reflected direction r. 

(45)~ I [U 0
11 (~. )d~'l· 6(~-~r)1 

r r ~ 
r 


~r = solid angle occupied by discrete direction r. 
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This definition of the Oii assures, that the total source strength remains r 

the same: 

J Oii(~)d~ = J 2IOii(~')d~··g(~-~r)d~ 
4n 4n r ~ 

; I IOii (~. )dll' 

r ~ 
r 

Then the approximated source Oii(~) is given by 

where we used the approximation that fr is constant within the solid angles 6~r' 

Using the definition the weights wr = 6~r'4n, the relation between BRDF, fr1 and 

the array LBEDO «23) and (24» we get finally: 

(46) 
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The expansion is similar to the expansion in (44) with the exception that we are 

dealing now with a sum of a-functions. 

m : 0 

NDIR/2 
iim ~ 0 J •Ql,cos ~l r (47)

sin r=l 

4. Results 

To assess the applicability of the proposed treatments of the solar source, 

the radiance distributions at the top and at the bottom of the model atmosphere 

created by' the four theoretically-equivalent solutions are compared. The 

following model atmospher~ is used for all cases (Ref. 5): 

Midlatitude summer atmosphere 

0-2 km rural aerosol with reI. hum. 90% 

2-9 km tropospheric aerosol 

9-50 km statrospheric aerosol 

5-6 model layers, surface visual range 23 km 

Sun zenith is at 30.05 degrees (discrete direction in ISN=16, IQUAD 1) 

and the calculation is performed for the wavelength 0.55 ~m. The angular 

resolution is chosen to be ISN = 16 ( = 288 directions) and the scattering order 

is chosen to be a P17 approximation. 
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In Fig. 2 we compare the results of the radiative transfer calculations 

obtained by using the boundary source approach and the first collision source. 

The calculations were made for a vacuum boundary condition at the surface. The 

upward radiance distribution at the top of the atmosphere is plotted in 

reflectance units. The differences between the two plots are very small. It 

should be noted, however, that the use of different quadrature sets and SN 

orders may lead to much bigger differences. The reflectance increase for high 

view angles and the local maximum in the principal plane, are caused by the 

forward scattering peak of the aerosols, 

Now we introduce a Lambertian reflector of 20% as a lower boundary 

condition. Fig. 3 compares the radiances at the top of the atmosphere for the 

four possible solutions: boundary source (a) and first collision source with 

additional boundary sour~e (b), with volumetric treatment of the direct solar 

beam (c), and with volumetric treatment of the reflected direct solar beam 

(d,e). In the calculations above, we use the "effective" source for the first 

collision source. There is no marked difference to the results of the normal 

source for this case (not shown). Like in the vacuum boundary case, there are 

slight differences between a) and b), which proves the equivalence of the 

boundary source solution and the first-collision source solution with the 

additional boundary source. Fig, 3c shows no resemblance at all with 3a and 3b, 

indicating that the solution of the volumetric source representation of the 

downward direct beam at the lowermost layer is inadequate. Fig. 3d, which 

represents the solution of the volumetric source representation of the upward 

reflected direct beam looks much better, but still is very different from the 

reflectance distributions obtained in a and b. It can be concluded, that the 

expansion of 'the o-function by Legendre polynomials leads to results, which are 
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unacceptable. However, the expansion of the reflected radiation from the direct 

beam, which can also never be approximated by a finite number of Legendre 

polynomials because of the restriction of the source to only one hemisphere, 

leads to at least acceptable results, although the deviation from the exact 

results are obvious. An improvement of the results can be obtained by creating 

a very thin lowest layer. For the calculations above, the lowest layer was 1 km 

thick. Ve now subdivide this layer by adding aIm thick layer at the bottom. 

For the &-function expansion no noticable improvement can be achieved (not 

shown), while the expansion of reflected direct beam, Fig. 3e, leads to results 

much closer to the solution of a and b. 

Fig. 4 shows the results for a mixed Lambertian/specular reflector of 20%. 

An additional 1 m thick layer at the surface has been added for all cases. The 

specular reflection peak can be seen at 'v = 0°, 9v = 30.05°. Of the two 

volumetric source solutions for the direct beam, only the results for the 

expansion of the reflected direct beam are shown. Like above, a) and b) are 

almost identical. But now the solution for the expansion of the reflected 

direct beam c) is unacceptable. Because now also the upward reflected radiance 

at the lower boundary is also a highly peaked function, the expansion in 

Legendre polynomials fails. 

In Fig. 5 we show finally the ability of the code to deal with arbitrary 

BRDFs. A measured BRDF of a coniferous forest (Ref. 6) has been introduced for 

a lower boundary condition. A discussion of the characteristics of the BRDFs of 

natural surfaces can be found in Refs. 7 and 8. In contrast to the previous 

calculations (A = 0.55 ~m) the results are shown for a wavelength of 0.85 ~m. 

Fig. Sa shows the reflectance distribution at the surface for the boundary 
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source solution. Fig. 5 b,c and d show the reflectances at the top of the 

atmosphere for the cases equivalent to Fig. 4 a,b, and c. Figures 5b and care 

almost identical, while 5d, the solution for the volumetric source representing 

the upward reflected direct beam, shows differences. However, the results 

compare quite well with the exact solutions if we bear in mind the 

approximations involved. 

5. Input generation for ONEDANT 

To generate the input files ODNINP and XSLIB required by ONEDANT and to 

generate plots of the radiance distribution, a set of pre- and post-processors 

has been written. All processors depend on the parameter file DATAC stored 

under 1801174IDATACCIDATDO~. The appendix gives the parameter part of DATAC 

with the set of values used for the calculations made in the report. The code 

XSGEN (found on 1801174IXSGENCIXSGEN) creates the cross-section library XSLIB. 

INPGEN (found on 18011741 INPGENCI INPGEN) creates ODNINP. RAPLOT (found on 

1801174IRAPLOTCIRAPLOT) is a plot routine, which allows for a large variety of 

plot options. The file \801174 I BRDFI KRIEBEL 1CONSIG16111I was supplied to INPGEN 

under the name BRDF to compute the results shown in Fig. 5. A complete 

description of the parameters in DATAC can be found in the file itself. All 

calculations were made with the program versions from 6/16/86. A special· CRAY 

version of ONEDANT (06/15/84 sig) was used, which is stored under 

180117410NEDANTIODN15JUN. All calculations were made on machine w. 
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6. Conclusions 

The implementations of the solar source as a first-collision source instead 

of as a boundary source is possible even if direct solar radiation reaches the 

lower boundary. Only two proposed methods which include the effects of the 

lower boundary on the direct solar beam proved applicable to atmospheric 

conditions. However the modelling of the reflected beam by an equivalent 

volumetric source in the lowest layer can produce unrealistic radiance 

distributions. It should be mentioned, however, that the use of other 

quadrature sets or reducing the depth of the lowest layer may lead to acceptable 

results for both volumetric source solutions of the direct solar beam. 

Because the first-collision source is theoretically superior to the 

boundary-source formulatipn due to the exact representation of the downward 

direct solar beam it is recommended to use this method and, if possible, the 

boundary-source formulation of the reflected direct solar beam. 
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Appendix: DATAC File 

The file printed below shows DATAC used for Fig. 2a. The following list 

contains the necessary changes to be made for the other figures. 

Fig. # IlCOLL SURSUN A B REF IBRDF Ll** 

2a 
2b 
3a 
3b 
3c 
3d 

0 
2 
0 
2 
2 
2 

0 
0 
0 
1 
2 
3 

0 
0 
1..0 
1.0 
1.0 
1.0 

0 
0 
0 
0 
0 
0 

0 
0 

.2 

.2 

.2 

.2 

0 
0 
2 
2 
2 
2 

6 
6 
6 
6 
6 
6 

3e* 
4a* 
4b* 
4c* 
5a* 
5b* 

2 
0 
2 
2 
0 
0 

3 
0 
1 
3 
0 
0 

1.0 
.5 
.5 
.5 

0 
0 

0 
.5 
.5 
.5 

0 
0 

.2 

.2 

.2 

.2 
0 
0 

2 
2 
2 
2 
1 
1 

7 
7 
7 
7 
1 
7 

5c* 2 1 0 0 0 1 7 
5d* 2 3 0 0 0 1 7 

*For these cases additional changes were made: 
1. 	 LAYATM = 6 
2. 	 The second number after XMESH = is 000.0010 instead of 001.0000. The 

following numbers are shifted to the right, the last is omitted. 

**L1 refers to the 4th block of data in line 15 (0006002006). L1 is 006 in 
front of 002. 

NffNNffNNNNH"'HHHHHff'HHHH,HHff"."'HH,.,,ffu,nHH'HHHdH'ffHHd'HUffHdHUHff.'HHH 
N THIS FILE PROVIDES ALL NECESSARY DATA FOR THE ROUTINES CREATING N 
H 0 NED ANT INPUT AND OUTPUT: XSGEN,INPGEN,RAPLOT N 
II LEGEND or PARAMETERS BELOW. 5 2 - 85 II 
"N'N"H"ff'NHUdNffH'N'ddN.".,'ffffdff,""'.",'U!I!I"H,.n,nndnnff"NN,u"'H 

IGEOM 1 JM 1 NPROF 1 IPER a I TRAC = a IQUAD ~ 111 
NGROUP= 01 ISN "16 LAYATM= u5 MAXORD~ 17 ISCT 17 XS2STR= a 
MIN: 0/016 I!COLL= a ISCTIC= 17 ICANOP= a SURSUN= a CTROPD= a 
A =0.000 B =0.000 REF =0.000 IBRDF" a IAOJOI= a [ADLAY= a 
WA1= 0.550 DVW= 0.050 BND=OO.OOO [WOATA a lCLOUD= a OP1 00.00 
IFLAG;' 1 IFLAX = 0 180148" a Kr" 00.0 SATA= 000 
MODEL 19MMODFL= 2 141 5=285'1 
0ION=1.000 SN 1.00 Sl = 1.00 ALPH= 1.00 SETA= 1.00 
CASC 1.00 CAAS= 1.00 AESC= 1.00 AEAB= 1.00 ATSC= 1.00 ATAB: 1.00 
10PT 4 MOUT =100 GR3D= 1/ 1 0006002006 POL30 =101 CUTP30= 1 TNTHEM= 0 
IS001ST30 00001.0000 RADREF= 1 LOGSCL= OIFIXA- 90 NGRPLT= 
IMESH = 1 LAY 1 CONMAX= 0 U= 5.9E+Ol 0= 2.0£+03 
XMESH= 
000.0000 001.0000 002.0000 009 0000 030.0000 070.0000 Oon.OOOO 007.0000 
NFXINT= 
IONX1= 1 IONX2= 1 ZONX3= I IONX4= I IONX5= 1 IONX6= 1 IONX7= 1 IONXA 
YMESH= 
001.0000 002.0000 003.0000 004.QOOO 005.0000 006.0000 007.0000 OOB.OOOO 
NFYINT= 
ZONY1= I IONY2 1 ZONY3= I ZONY4= I IONY5= 1 ZONY6= I IONY7 I ZONYB= 1 
IPROFY 
ZONY1= I ZONY2 1 ZONY:): I ZONY4 1 ZONY5= 1 20NY6= I ZONY? I IONY8~ I 
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1. 	 Schematic description of the treatment of the solar radiation source in 

transport codes. (a) shows the representation by a unidirectional source 

at the top of the atmosphere; (b) shows the representation by the first 

collision source. 
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2. 	 Reflectance distribution at the top of the atmosphere with vaccum lower 

boundary for the sun as a boundary source (a) and as a first-collision 

source (b). 
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3. 	 Reflectance distribution at the top of the atmosphere with a 20% Lambertian 

refle~tor at the lower boundary for the sun as a boundary source (a) and as 

first collision sourc.e wi th additional boundary source (b), with volumetric 

treatment of the direct solar beam (c), and with volumetric treatment of 

the reflected direct solar beam (d). (e) shows the same case as (d), but 

an additional thin layer at the surface was added which contains the 

source. 
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3. (continued) 
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3. (continued) 



~--~-~ 

90 

a) , 
,,  ,, 

", ~ "-, : 
',_ "7 '-_".-' 

> co 60 
Q) 

Obc: 
< 
,.q 
~ .......
c: 30Q) 

N 

,<0 /6' 

- ... ~ 

0 
-180 -90 90 

90 

b) 

> 
CD 

60 
Q) 

Obc: 
< 
,.q 
~.c:: soQ) 
N 

\,.<0 

0 
-180 -90 0 90 180 

Azimuth Angle ¢v 

4. 	 Reflectance distribution at the top of the atmosphere with a 20% reflector, 

which is 50% Lambertian and 50% specular. The cases (a),(b),(c) are 

equivalent to the cases (a),(b),(d) of Fig. 3. In contrast to 

Fig. 3(a)-(d), an additional thin layer at the bottom was' always added. 
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4. (continued) 
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5. Reflectance distribution by a measured BRDF of coniferous forest at A = 

0.85 \.1m. (a) is the distribution at the surface from the boundary source 

solution. (b), (c) and (d) show the distribution at the top of the 

atmospheres equivalent to the cases 4 (a),(b), and (c). 
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5. (continued) 
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