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FOREWORD 

This is a status report performed in compliance with Contract Number EG-77-C-
01-4042 for the Division of Solar Technology of the U.S. Department of Energy. 
The report describes preliminary research in the use of Monte Carlo techniques 
for studying various aspects of solar radiation transport (Task No. 3621.10) 
and was prepared by the staff of the Energy Resource Assessment Branch of the 
Solar Energy Research Institute. 
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SUMMARY 

The objective of this study is to use the Monte Carlo method to investigate 
solar radiation transport through the atmosphere and its reflection from the 
earth's surface. The rigorous model used in this study allows a detailed un­
derstanding of the various aspects of the radiation field at the earth's sur­
face. This knowledge can be used to compare and formulate simple models that 
are more appropriate for work on solar applications. Phenomena of interest 
include: the spectral distribution of direct, diffuse-sky, and ground­
reflected insolation; the total broadband insolation; circumsolar insolation; 
the effect of ground albedo; the relationship between insolation on horizontal 
surfaces and insolation on tilted surfaces; the importance of higher orders of 
scattering and reflection; the effects of clouds; and the effects of various 
types of atmospheric aerosols. This report is preliminary in nature in that 
it is primarily a description of the Monte Carlo method itself and its appli­
cations rather than a detailed presentation of results used in solar radiation 
transport calculations. 

vii 
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SECTION 1.0 

O&JECTIVE 

In the past, very little effort has been expended on applying rigorous radia­
tion transport models to solar energy problems. Several different computa­
tional methods of solving the radiative transfer equation have been demon­
strated. Among these are the Monte Carlo method, the method of spherical har­
monics, the discrete ordinates method, the matr.ix operator method, and the 
DART method. The Monte Carlo method was selected for first consideration in 
this study. 

A ma_ior goal of the study is to use a rigorous model to investigate different 
aspects of solar radiation transport. With this approach, a detai.led under­
standing of the various absorption and sea ttering phenomena is gained. The 
formulation of simple, user-oriented models then can be undertaken with great­
er confidence. 

This report is of a preliminary nature;· later reports will provide more de­
tails of results obtained from applying the Monte Carlo codes to solar radia­
tion transport. This report provides a general description of the Monte Carlo 
technique, a discussion of its capabilities, a sketch of possi.hle applica­
tions, the current status of the Monte Carlo codes, and a delineation of fu­
ture efforts. 

1 
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and arbitrarily with altitude. Ground reflection for various albedos is in­
cluded as an additional type of scattering event. The ground reflection can 
be assumed to be either lambertion, isotropic, or of some arbitrary type. 
These codes also treat absorption by aerosols, ozone, water vapor, carbon di­
oxide, oxygen, and other molecular species. An additional feature of these 
codes is that the state of polarization (Stokes parameters) of the scattered 
light is traced through all orders of scattering. Reflected light is traced 
through all orders of scattering. Reflected light from the ground is assumed 
to be unpolarized. 

We built several unique features into these programs for application to solar 
problems. Up to 10 wavelengths can he.modeled simultaneously in a single com­
puter run. The only assumption is that the aerosol scattering and aerosol ab­
sorption properties are constant over the wavelength interval being consid­
ered. This is a very accurate assumption for relatively narrow wavelength 
intervals, and this capability decreases the computer time by nearly a factor 
of 10 when data over a broad spectrum, such as the solar spectrum, are de­
sired. Up to nine incident angles of the solar radiation can be modeled in 
one computer run. In addition, two choices of recei.ver geometry are avail­
able. A conical beam geometry is available in which the cone about the re­
ceiver axis can be divided into a combination of up to 15 polar bins with up 
to .15 azimuthal bins withi.n each polar bin. Either average spectral radiance 
(W m-2 llm-l sr-1 ) or spectal irradiance (W m-2 llm-1 ) can be calculated for 
each angular bin along with the total integrated value for all bins. The sec­
ond geometry is for the calculaLion of spectral radiance at point directions 
on a spherical surface. This geometry allows storage of the data for future 
use in any receiver geometry desired. A final capability incorporated for so­
lar application is that of modeling up to six different ground albedos simul­
taneously. 

5 
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SECTION 3.0 

ATMOSPHERIC AND TERRAIN CONSIDERATIONS 

The codes described in this report can model an atmosphere with up to 75 
boundaries where aerosol, _molecular, and meteorological parameters can be de­
fined as a function of altitude. The parameters are assumed to vary exponen­
tially between each boundary. Two different aerosol phase functions can be 
defined for each atmospheric model, which allows two different types of aero­
sols to be modeled simultaneously. This number can be increased easily, if 
necessary, by increasing array dimensions within the codes. A brief descrip­
tion of the methods used to model each scattering and absorption phenomenon is 
presented in this section. 

3.1 RAYLEIGH SCATTERING 

The interaction of light with air molecules is defined with the Rayleigh scat­
tering coefficient. The Rayleigh scattering coefficient is dependent upon the 
air density, which is slightly dependent upon temperature and pressure. The 
tempr!rature and pressure dependence is so small that it can usually be con­
sidered to remain constant at any given location in the atmosphere. The Ray­
leigh scattering coefficient oR(h) at altitude h is given by 

where 

A = 

MA = 

N(h) 

No 

0 (h) = 105 
R 

2 2 
8~ ~M A--=-~--- N(~ (6 + 3ll) km -1 

3 A 4 N2 6 - 7 ll ' 
0 

wavelength (em), 

index of refraction at ground level, 

molecular number density at altitude h (em - 3 ), 

molecular number density at sea level (cm-3 ), 

ll = depolarization factor (0 ..; ll..; 0.5). 

(1) 

The refractive index at ground level can be calculated as a function of wave­
length by 

(2) 

where the constants, as given by Peck and Reeder (1972), are 

108 = 8060.51 + 2480990.0 + 17455.7 
(MA-l) 132.274 -·A-z 39.32957- A-z 

(3) 

7 
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Equation 1 accounts for the depolarization attributable to the anisotropy of 
the atmospheric molecules. The theory limits the depolarization factor to 6 ~ 
0.50 (Chandrasekhar 1960). One recent value o.f the depolarization factor is 
given as 0.0139 (Hoyt 1977). 

The Rayleigh scattering coefficient may be calculated as a function· of alti­
tude by 

a = 0 N(h) 
R( >..,h) R(A,O) N

0 

( 4) 

The angular sea ttering properties of the molecules are described by the Ray­
leigh phase function given by 

R. ( 6) 
J 

~here Mj rel?resents M1 = (1 - 6) cos2 6 Ann M2 = 1 + D.. 

(5) 

The· Rayleigh parameters are bu:i),t into thP rnmpntPr r.:otiQs and require no ex­
t~rnal· calcuLitions. 

3.2 AEROSOL ATTENUATION AND SCATTERING 

In many cases, aerosol scattering is the dominant atmospheric effect. Aerosol 
scattering and absorption are accounted for by using MIE light scatterin~ 

tht:!ul'y. This t:heory provides the exac.t solution for a plane wave of radiation 
being scattered .from a· homogeneous sphere. Many texts discuss the .formal so­
lution derived by ~1IE (e.g., Kerker 1969), which is beyond the scope of this 
discussion, but we present here a hriPf nP.scription of the parameters r~quil't:!U 

for computations. The aer0$91 extinctio-n rnpffil:'i.r.mt for .:1 polydi:Jpcrsiot'l. uf 
spherical particles is given by 

""'"2 f 
xl n=l 

(2n + 1) [R (a + b ) ] n(x) dx 
e n n 

(6) 

where n(x) is the particle size distribution, x = 2Trr/l.. (r = the particle ra­
dius), and an and bn are the MIE amplitude functions given by 

and 

a (x,m
0

) 
n 

1ji (x) 
n = f;; (x) 
n 

1ji (x) 
n 

f;; (x) 
n 

[

An(y) - mcf-n (x)] 
----- ----
A (y) - m....B (x) 

n u n 
(7) 

[

An(x) - mcf-n(y)] 

B (x) m....A (y) 
n u n 

(8) 

where Yn(x) and f;;n(x) are Riccati-Bessel functions of the first and third 
kind, respectively, and An(x) arid Bn(x) are logarithmic derivatives of Ric­
cati-Bessel functions of the first and third kind, respectively. The variable 
rna is the complex index of refraction of the aerosol material expressed by mo 
= nl - in2 and y = ffiQX· 

8 
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Riccati-Bessel functions and logarithmic derivatives of Riccati-Bessel func­
tions can be calculated from recursion formulas· of the following fo,rm: 

f (x) 
n 

2n - 1 
x fn-1 (x) - fn-2(x) (9) 

and 

(10) 

where fn(x) and Fn(x) represent Riccati-Bessel functions and logarithmic deri­
vatives of Riccati-Bessel functions, respectively. These upward recursion 
formulas contain instabilities for ljln and .An, and downward recursion formulas 
are often used. The MIE scattering coefficient is given by 

X oo 

f 2 L (2n+l)[lal
2 

x n=l n 
1 

+. lb 1
2 ]n(x) dx 

n 
(11) 

and the absorption coefficient of aerosols is obtained from 

(12) 

The parameter that describes the angular scattering properties of the aerosol 
particles is the MIE phase function. The phase function is expressed by 

. 4 1r (I. )3 p (A) =- -
j <1 2 11 

AS 

x2 
J n(~) i.(B) dx 

J 
,. (13) 

where oAS is the MIE scattering coefficient and ij represents the MIE intens­
ity functions given by 

I 
00 2 

il (B) I (2n + 1) 
(a 1T + bnTn)l. 

n=l 
n(n + 1) n n 

(14) 

and 

12 (B) - I 
00 2 
I (2n + 1) (r~ T. + bn 1r)l 

n=l 
n(ri + l) n n 

(15) 

1Tn and Tn are the MIE angular functions, 'lllhich can be calculated from the fol­
lowing recursion formulas: 

and 

1T ( u) 
n 

2n - 1 
n - 1 

u1T - n 1T ( ) 
n-1 n 1 n-2 u (16) 

(17) 

where u = cos 8 and 8 is the angle of scatter. Calculations can be started by 
setti.ng 1r1 (B) 1 and 1r2 (B) = 3 cos e. 

A 1:;el-larate program calleil MIE2 is used to calculate the extinction and scat­
tering coefficients and the MIE phase matrix for use in the tiKITE and FL_A3H 
programs. 

9 
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3.3 SURFACE ALBEDO 

As was mentioned in Section 2.0, the BRITE and FLASH codes have the capability 
of treating six different values of the ground albedo per computer run. The 
albedo of the ground surface is given by 

(18) 

where A0 and A1 are input values and e0 is the angle between the direction of 
the photon and the normal to the reflection surface. If A1 is zero, the al­
bedo is independent of the incident angle. The angular distribution of the 
light reflected from the surface may be defined as an isotropic or cosine dis­
tribution or an arbitrary reflection distribution defined with tabular input 
data. 

3.4 MOLECULAR ABSORPTION 

Molecular absorption is a significant attenuator of light passing through -the 
atmosphere. The absorption of :!.i~ht r~t lTV <!nd viciblc Wllvel~ftgL!ts l!:l mosrly 
due to ozone. Since ozone absorption varies slowly with wavelength, it can be 
treated in the form of a Beer's law attenuation function .. The ozone attenua­
tion is built into the Monte Carlo codes using cross sections given by Selby 
et al. (1978). 

The methods we utilized for gaseous band absorption (H2o, o2 , o3 , co2 , CO, 
N2o, and CH4 ) are based upon methods given by Goody (1964) nnrl Hr.Clatchey 
(1964). Titl:!. Lransmission averagen over a finite frequency interval is used 
rather than the absorption cross section for a given wavelength. The average 
transmission over a series of absorption lines is given by 

[v(i)] [•v ~ ( I )) 
1

./2 r S(") 
T exp +.!!!. 

Ils(i):(i) 
(19) 

g 4 

where 

m number of molecules/cm2 along the path, 

S(i) strength of line i, 

tx(i) line width of line i, 

l:!.v = width of frequency range over which the summation~ ~re made. 

Substituting A = L S(i) ·and B = l:ls(i)et(i) ~nd taking into account the pres­
sure dependency leads to 

T = exp 
g [ ( 

m 1013 
- m A l:!.v 1 + -4--p- )

1/2 

(~)2 . r (20) 

Equation 20 gives the transmission through a homogeneous layer. It is obvious 
from this equation that the total transmission along the path of a photon 
through an inhomogeneous layer cannot be obtained by simply multiplying the 
transmissions through each one of the layers traversed by the photon unless 
the inequality 

10 
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~ X 1013 (( (~)2 
4 p A . 

holds, in which case Eq. 20 reduces to Beer's law: 

Tg = exp(- constant x m) 

In the case of 

Eq. 20 transforms to 

and therefore 

T 
g 

exp (- constant x ImP) 

T (2m) = exp(- constant x f2mp) 
g 

* T (m) T (m) = [exp(- constant x IIDP> ]2 
g g 

(21) 

(22) 

McClatchey (1964) has suggested that .the transmission along an inhomogeneous 
path can be calcul<~teci by replacing the quantities m and p in Eq. 20 with ef­
fective absorber amounts me and effective pressures pe: 

=!L\T dm 1 I (~ lim) m 
Ao e Ao 

(2J) 

and 

/BT 2 1 
HBi p lim) mepe = (-) p dm -;z Bo 

0 

(24) 

where the suhscripts T and 0 denote the actual temperature and an effective 
temperature, respectively. 

Equation 20, when applied to an inhomogeneous path, then becomes 

T 
g 

exp - m A 
e 0 [ 

(, m 1013 A .)1/2 ]-1 
tlv ~ + -/-~ (B~)L -

or, after substitution of Eqs. 23 and 24, · 

T 
g 

exp 

~vhen evaluating Eq. 26, FLASH and BRITE first determine the two arrays 

AH(J,N,h) = AT(J,N,h) m(J,h) 

11 
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and 

BH(J,N,h) 
p(h) 2 4 1013 BT(J,N,h) m(J,h) (28) 

where m is the molecular density (cm-2 km-1 ) and J, N, and h denote the spe­
cies, wavelength, and altitude, respectively. The total transmission along 
the path of a photon is then compqted by FT.ASH and RRITE using the equarion 

T (N) 
g 

exp 
[ 

fJ. v (
1 

+ ___,__( t_H (-J, N_, i)-S (-i) __,_y )1/ 2 Jr 1 
LBH ( J 'N . i ) s ( i ) 
i 

where S(:i) is thlil goomctr:f.::: pctLh t:rnversed through the ith layer. 

(~9) 

The averaged cross sections were compiled using the AFGL atmospheric absorp­
tion line parameter data (Rothman 1978) and are stored on magnetic tape for 
wavelengths in the range of 0. 5593 to 1000.0 JJm. The data have a resolution 
of 20 cm-1 at 5 cm- 1 spacing, and they were computed for seven ·temperatures 
.from 175 K to 325 K. 

12 
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SECTION 4.0 

APPLICATIONS OF MONTE CARLO CODES 

The BRITE and FLASH computer codes have many applications for understanding in 
detail the scattering and absorption phenomena involved in solar energy trans­
port. Many of these areas of interest have been identified, and undoubtedly 
many more appLications will arise in the future. 

Possible applications include studies of: 

• models of realistic atmospheres with detailed atmospheric constituent 
height profiles, curvature effects, refractive index effects, and other 
meteorological effects; 

• the spectral insolation distribution for direct, diffuse-sky, and 
ground-reflected radiation; 

• the total broadband insolation under varying conditions; 

• the circumsolar or aureole phenomena; 

• the effect of ground albedo; 

• the importance of multiple scattering and reflection; 

• the relationships between insolation on horizontal and insolation on 
tilted surfaces; 

• the effects of clouds; and 

• aerosol size distribution, complex index of refraction, and height pro­
file effects. 

These codes are especially useful for computing the broadband and spectral 
global insolation, which includes the direct, diffuse-sky, and ground-re­
flected insolation on surfaces with arbitrary orientattons. We plan to pursue 
a detailed study of all aspects of these areas of interest. 

13 
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SECTION 5.0 

CAPABILITIES AND LIMITATIONS 

Several of the capabilities of the Monte Carlo codes are discussed in Section 
2 .0. These capabilities and some of the limitations are summarized in this 
section. 

The codes have a great deal of flexibility for defining the structure of the 
atmosphere. The aerosol and indiv.idual molecular components can be defined 
with any desired height profiles. The profiles can include cloud layers that 
are homogeneous in the horizontal direction. The temperature and pressure 
height profiles can be defined as desired. The atmospheric geometry can 
either be plane-parallel o.r spherical-shell. Ground surface albedo can be 
varied from zero to one. 

Several features that improve computer efficiency include: the capability of 
modeling up to 10 wavelengths simultaneously, the option of modeling six si­
multaneous values of the ground albedo, and the choice of conical or point­
direction receiver geometries. 

It is extremely d.ifficult to compare various types of rigorous light transport 
models. Some methods are most efficient when few atmospheric layers are used, 
whereas the number of layers · does not significantly affect other methods. 
Some models are limited to one wavelength and one incident angle, while others 
have varied capabilities. For these and other reasons it is unwise to make 
simple comparisons among various methods. 

One possible limitation of the Monte Carlo approach is that it is statistical 
rather than deterministic. This means that the final results obtained with 
the Monte Carlo method can devfate somewhat depending on the ra·ndom number se­
que11ce used and the total number of photon histories used. However, with rea­
sonable run times, the standard deviation can be as low as 1%. This is well 
within insolation measurement and atmospheric definition capabilities. 

Some argue that computer cost in utilizing the Monte Carlo technique \is a lim­
itlltion. Modeling a brn;H'lh::~nrl ::>pP.r.trum for complicated atmospheres\ is very 
time consuming with any computer method, but it is not clear that other tech­
niques are more efficient than the Monte Carlo approach when its full capabil­
ities are utilized. 

15 
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SECTION 6.0 

CURRENT STATUS AND FUTURE EFFORTS 

The Monte Carlo codes and other codes that are us~d in conjunction with them 
are operational on the Denver Bureau of Reclamation CDC centralized computer 
system. These codes have been checked for accuracy by comparison with other 
published data and model results as well as for internal consistency. 

In the future, output from these codes will be compared with a variety of 
carefully taken insolation data. These data will be collected at the Insola­
tion Research Laboratory which is currently being constructed near the SERI 
permanent site in Golden, Colorado. An important aspect of this data is that 
various meteorological parameters will be measured to help .construct a real­
istic atmosphere. A comparison .will be made with results obtained from al­
ready existing simple algorithms for 'computing various components of insola­
tion. In addition, when it is deemed appropriate, new and improved simple 
models w:l.ll be constructed as a result of this study. 

An investigation, both experimental and theoretical, of the possible applica­
tions of these cotles listed in Section 4.0 will be undertaken. 

17 
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on hor1zontal ~urfaces and insolation on tilted surfaces;· the importance 
of higher orders of scattering and reflection; the effects of clouds; and 
the effects of various types of atmn~rheric aerosols. This repur·L 1s pre-
1 ·im1nary 1n nature in that it is primarily a description of the ~1onte Carlo 
method itself and its applications rather than a detailed presentation of 
results used in solar radiation transport calculations. 

17. Document Analysis 

a. Descriptors 

b. Identifiers/Open-Ended Terms 

c. UC Categories 

59 ~61 ,62 ~63 

18. Avaiiability Statement 

NTIS, US Dept. of Commerce 
5285 Port Royal Rd. 
Springfield, VA 22161 

Form No. 8200-13 (6-79) 

li9. Nc.cfPages 
I 30 
' 20. Price 

$4.50 

-lru·.s. GOVERNMENT PRINTING OFFICE: 1979-0-677-083/63 




