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Abstract

A three-dimensional, radiative transfer model based on the discrete-ordinates method
for application to atmospheric radiation and remote sensing is developed. The model has
the capabilities to address one-, two- and three-dimensional rectangular parallelepiped ge-
omeiries coniaining nonhomogeneous, absorbing, emitting, anisotropically scattering me-
dia. Various boundary conditions including collimated and isotropic radiant sources are
incorporated in the model. Where possible, the model takes advantage of symmetric and
periodic boundary conditions to reduce the size of the solution domain. The model yields
the radiant intensity field as a function of spatial location and direction within the solution
domain and for any outward going direction. The model is extensively validated for one-,
two- and three-dimensional geometries. The validation is performed through comparison
of results from the model against those in the literature. Broken-cloud intensity fields are
presented to demonstrate the capabilities of the model.

1. Introduction

Earth’s energy balances, global circulation patterns, and climatic variations are
examples of studies in which quantitative understanding requires modeling of the
three-dimensional aspects of atmospheric radiation. Proper interpretations of
satellite sensed data of radiant intensity for extraction of information related to
cloud properties, ground temperature and rainfall require a radiative transfer
model. Current interests in atmospheric energy balances and the role of clouds in
affecting climatic changes provide additional impetus for developing a detailed
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three-dimensional atmospheric radiative transfer model. The need for such a
model is further emphasized by the atmospheric radiation measurements and
modeling program (DOE 1990a, b) and planned satellite missions of tropical
zone radiation and rainfall observations (Simpson et al., 1988).

Three-dimensional models of atmospheric radiative transfer are limited. Stud-
ies of radiative properties of broken cloud fields (Stephens, 1988; Kobayashi,
1989; Welch and Wielicki, 1989) are examples where three-dimensional effects
have been considered. Most of the work cited used the Monte Carlo approach or
an extensive mathematical formulation for solving the radiative transfer prob-
lem. Passive microwave modeling of convective clouds and rainfall (Mugnai et
al., 1990; Adler et al., 1991) considered three-dimensional cloud structures but
only one-dimensional radiative transfer. Despite the availability of these studies,
much more effort is required before a quantitative understanding of large-scale
radiative transfer problems of practical interest is acquired. Development of a
comprehensive radiative transfer model is a necessary step towards this goal.

The objective of this paper is to present a three-dimensional atmospheric ra-
diative transfer model capable of handling nonhomogeneous, anisotropic scatter-
ing atmospheres with a variety of radiation boundary conditions including a col-
limated radiant source. The model allows for calculating the outgoing intensity
in any direction and, therefore, is suitable for remote sensing studies. In addition,
the divergence of the radiative flux is also calculated, thereby allowing the model
to be interfaced with other energy transfer studies. The model is based on the
discrete-ordinates method. The capabilities of the model are demonstrated
through a simulation of a sensor-observed broken cloud field.

The formulation of the model is presented in Section 2 and the solution meth-
odology is discussed in Section 3. Validation and testing of the model is described
in Section 4. Application of the model to the simulation of radiative transfer in a
broken cloud field is presented in Section 5. Conclusions and recommendations
for future studies are given in Section 6.

2. Governing equations

The intent of this discussion is to present the continuous forms of the govern-
ing equations in order to illustrate the type of equations being solved by the nu-
merical model. The equations consist of the divergence of the radiative flux, the
radiative transfer equation for the radiant intensity, and the boundary condi-
tions. Due to the spectral variation of the radiative properties and the energy
terms, an integration over all wavelengths must be accounted for. Also, direc-
tional effects for the radiant intensity must be included. Spatial variations of the
radiant properties and energy terms are also allowed. The section concludes with
a brief discussion of the radiative properties appearing in the governing equations.

2.1. Divergence of radiative flux

The divergence of the radiative flux appears in the energy balance as the net
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radiant energy leaving a control volume per unit volume and represents the dif-
ference between the emitted radiant energy and the absorbed irradiation. Special
attention must be given to the possibility that a collimated radiant source may
irradiate the medium at a boundary. Because of the strong directionality of a
collimated beam, it is advantageous to account for the collimated beam sepa-
rately as it passes through the medium. The collimated source is located in the
direction @.. The divergence of the radiative flux is expressed as:

@ ar
V-ti=4 | wi [ 1,0 d-1, | (1)
0 0

where a; is the spectral absorption coefficient with A denoting wavelength, I, is
the spectral blackbody intensity evaluated using Planck’s law, I, is the spectral
radiant intensity for the @-direction, w is the solid angle, and I, is the direct
intensity at the considered position due to a collimated radiant source at the me-
dium boundary. The dependency of a,, I,,;, and I; on the spatial variables is
understood. In view of Eq. (1), an expression for the spectral radiant intensity
for ali directions within a spherical space around the control volume is needed.

2.2. The equation of transfer

The propagation of radiation along a line-of-sight direction { is described by
the radiative transfer equation. For unpolarized radiation, the change in the ra-
diant intensity I({) in the @, direction is expressed by the radiative transport
equation stated by:

dI/dl=—BI({) +S({) (2a)

where the radiation source function is:
47
SO =aly+-= 1, @) D@, ®) do, +1.(0) P(@., @) (2b)
0

The wavelength dependence of all radiant energy and property quantities is
understood. In Eq. (2), B is the extinction coefficient given by the sum of the
absorption coefficient and scattering coefficient s, @ is the scatiering phase func-
tion for radiant energy incident within solid angle w, about the @-direction and
scattered into solid angle w about the @-direction. Physically, the terms on the
right-hand side of Eq. (2a) represent attenuation of the intensity due to absorp-
tion and outward scattering and the enhancement of the intensity due to emission
and inward scattering. The scattering phase function is normalized such that:

47
1 J o
4n0®(w,-, @) dw=1 (3)
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The boundary condition for Eq. (2) consists of specifying the intensity at {=0.
The boundary intensities are discussed in Section 2.3. In terms of a collimated
intensity at {=0, the direct intensity at location { is:

IC(C)=IC(O) e " (4)

where 1.(0) is the direct intensity at the boundary. The optical thickness from
the boundary to the location under consideration is defined as:

4
o= [pacr (5)
(1]

The sensed intensity as measured by a radiant sensor placed at { is the sum of the
intensity from Eq. (2) plus the direct intensity from Eq. (4) and is expressed by:

1({)=I({) +é(@—a) I.(0) (6)

where J is the Dirac delta-function. By Eq. (6), the direct intensity is only added
when the sensed intensity is sought for the direction @=a,.

2.3. Boundary conditions
The boundary condition for the radiant intensity at any given boundary and
for the @-direction can be expressed as:

27
It =di + 1[I, +3(a—)I2] +”—; d[l; +JI—(CD‘)71 dw']
0 (7)
+pa(1—f)I

In Eq. (7), superscripts +, —, and o indicate radiation going from the bound-
ary toward the medium inside the domain, from the medium toward the bound-
ary, and from outside the domain toward the boundary, respectively. The bound-
ary has an emittance ¢ and blackbody intensity I,5, which depends on the
temperature of the boundary surface. The transmittance and reflectance of the
boundary are denoted by 7, and f; respectively, which, for convenience, are taken
to be independent of direction. The fraction of the reflection that is diffuse is f;.
The diffuse background radiation is I,,. The cosine of the angle between the di-
rection of propagation of 7~ and the normal to the given boundary is 7. The in-
tensity in the direction mirroring the direction of I'*, that is the specularly re-
flected intensity, is 7, . This mirrored intensity also includes the direct intensity
that experiences specular reflection into the @-direction. Physically, the terms on
the right-hand side of Eq. (7) represent emission, transmission of diffuse and
direct intensities from outside of the medium, diffuse reflection of incident inten-
sity from within the medium and of direct intensity from another boundary lo-
cation (multiple collimated radiant sources may exist), and specular reflection
of incident intensity. The expression in Eq. (7) could be modified to account for
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bidirectional reflectance and transmiitance distribution functions. The intensi-
tiesof I, IS, IS and I are assumed known.

2.4. Radiative properties

The radiation equations require, for their solution, knowledge of the radiative
properties of both the medium and the boundaries. In particular, the extinction
and absorption coefficients of the medium as well as the scattering phase function
(for scattering media) must be known. As indicated by Eq. (7), the radiative
properties of the boundary consist of the emittance, reflectance, and the fraction
of the reflectance that is diffuse. For the present study, interest is focused on
absorbing, emitting, and scattering particles, not necessarily of the same compo-
sition and phase.

Under the assumption that the distance between the individual particles, con-
sidered as spheres, is much greater than the incident wavelength, it is possible to
study the radiative properties of a single particle without reference to the other
ones. The extinction and scattering cross-sections as well as the phase function
for the scattering of electromagnetic waves by a single spherical particle are avail-
able (Bohren and Huffman, 1983). The cross-sections depend on the wavelength
of interest, the particle radius, and the complex refractive index of the substarce
under consideration. The complex refractive index is expressed in terms of re-
fractive and absorptive indices (optical constants) and depends on the incident
wavelength as well as the temperature and composition of the particles. Polydis-
persions of particles are typically characterized by a function describing the par-
ticle size and number distribution #(r), where r is the particle radius.

Radiative properties of a polydispersion are found by integrating the radiative
properties of the individual particles over the size distribution. This is accom-
plished by means of the expression:

rmax

1= | o(r) n(r) ar (®)

min

where x represents either the extinction, scattering, or absorption coefficient for
the polydispersion, and g, are the corresponding cross-sections for a single parti-
cle. The phase function for a scattering angle @ is calculated from:

2(0)=1 | Galr) @8, 7) () o 9

Ymin

Information for the optical constants and the particle size distribution is re-
quired, but is not always available. Also, calculations for scattering-phase func-
tions for large (relative to wavelength) spherical particles can be very tedious,
and computationally expensive. As a result of these drawbacks, approximate phase
functions are commonly used in the simulation and parameterization of physi-
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cally-based problems. Expressions for some of these phase functions are de-
scribed later.

3. Solution methodology

-

The objective of this work is to develop a radiative transfer model that, based
on the governing equations cited in Section 2, could be applied to a wide variety
of atmospheric radiation studies including cloud radiation and remote sensing
applications. This implies that the procedure used to solve the governing equa-
tions must (i) provide the radiant intensities and the divergence of the radiative
flux; (ii) be capable of handling multi-dimensional systems including being able
to be reduced to a smaller dimensional problem; (iii) account for paralle] beam
radiation and a wide variety of radiation boundary conditions; (iv) account for
absorbing, emitting, and anisotropically scattering and nonhomogeneous media
with wavelength and temperature dependent properties; and (v) be compatible
with other energy transfer mechanisms. Additionally, the method must be com-
putationally efficient, accurate, and stable and should have the potential to take
advantage of contemporary computer designs based on vectorization and paral-
lelization. Of the various methods for solving the governing equations, the dis-
crete-ordinates method has the capabilities to satisfy these requirements.

3.1. The discrete ordinates method

Several authors have presented formulations of the discrete-ordinates method
(Carlson and Lathrop, 1968; Gerstl and Zardecki, 1985; Fiveland, 1988; Five-
land and Jamaluddin, 1991; Kim and Lee, 1989; Sanchez, 1991). These refer-
ences should be examined for details regarding the derivation of the discrete-
ordinates method. For the presentation here, the discretized form of the radiative
transfer equation is given first. The entire three-dimensional domain is subdi-
vided into cubical control volumes as shown in Fig. 1 where control volume P
with differential volume AV= AxAyAz is of interest. Control volume P is sur-
rounded by six adjacent control volumes labeled W (west), E (east), S (south),
N (north), F (front) and B (back) with associated interfaces of w, ¢, s, n, f and
b. In addition to the spatial discretization, the direction of propagation of the
radiant intensity is also discretized. Each control volume is homogeneous, and
nonhomogeneities are accounted for by assigning different radiative properties
to the control volumes. For control volume P, the derivatives in Eq. (2) are re-
placed by their finite difference approximation and both sides of the equation are
integrated over AV. Extrapolated intensities are introduced to yield the intensity
at control volume P for discrete direction i as:
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15’=<&[ff+—’y[;’f + ?+a(5fi+sfi+sgi))

T N (
X(Ax+ Ay+Az+aﬂ)

where the direction cosines y;, J;, and y, are for the x, y and z directions, respec-
tively. Selection of the discrete directions is discussed later. Superscripts r desig-
nate the interface from which the radiant energy originates for the indicated co-
ordinate. Selection of the interpolation weighting factor « is discussed in Section
3.4. The intensities arriving at the end-faces (which become the reference inten-
sities for the neighboring control volumes) are recovered from:

=+ (a-)I7]/a (11)

Expressions for I7¢ and I7° can be written by replacing x with y and z. In Eq.
(10), 8T, S¥., and S%, are the radiant sources for thermal emission, inward scat-

tering, and collimated source, respectively, and are evaluated from:

sti=al,, (12a)

p_5 - P -
and

SL=sIED, [4n (12¢)

where K represents the number of discrete directions in a spherical space, w; is
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Fig. 1. Control volumes.
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the angular quadrature weight associated with the incoming j direction, and @;;
is the phase function for scattering between the i and j discrete directions.
From Eq. (7), the boundary conditions for Eq. (10) are given by:

K/2
I =elf + 1[I +6(w; — @ )I°] +p;d d[lz +j§1 wmjff]

+pa(1—f) 5 .

where 7, is the cosine of the angle between the normal to the surface (boundary)
and the direction of propagation j. It should be recognized that the summation in
Eq. (13) is over only the four octants above a boundary that lie within the
medium.

Egs. (10) and (13) are formulated for a single wavelength. To account for the
spectral variation of radiative properties, an integration over the entire spectrum
as indicated in Eq. (1) is needed. To this end, the spectrum is discretized into W
rectangular wavelength bands, where the radiative properties, evaluated at the
discrete wavelength (A) corresponding to the center of each band, are assumed
constant over each band. Integrated quantities are found as the summation over
all bands of the individual contributions for each band. This treatment of the
spectral problem is based on a noncorrelated, nongray gas analysis (Fiveland and
Jamaluddin, 1991; Kim et al., 1991 ), which implies that intensities and radiative’
properties, averaged over a wavenumber interval, are considered independent of
each other. This approach to the spectral problem represents a good compromise
between accuracy and computational time, particularly when rapid variations of
temperature and radiative properties with wavelength are not expected (Kim et
al., 1991). The method for performing the wavelength integration is illustrated
using:

(13)

(o]

W —_—
[ut.a1= 3 5002, (14)

0

where x is representative of any radiative property and the overbar indicates that
it is band averaged. The average intensity [, is the average of I, over the wave-
length interval AA,. If the medium contains absorbing and emitting gases, then
the k-distribution method could be utilized (Fu and Liou, 1992).

The total divergence of the radiative flux as stated in Eq. (1) for control vol-
ume P is evaluated from:

w K
V'q_f:‘ z I:azli(47z1{:/1i_ ijIin_Ifli>:| (15)
i= j=1

The heat flux at any given surface k becomes:

w k/2
qk= z (I&ﬁc'*'zle’?jljm) (16)
J=

i=1
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An energy balance for the solution domain states that the radiant energy enter-
ing equals the radiant energy leaving and is used as one means for verification of
the solutions.

The solutions for the radiant intensity were obtained using an iterative process.
For a given direction, scans are made for each coordinate. These scans are re-
peated for each direction. This is repeated until convergence is reached.

3.2. Selection of a quadrature set

A quadrature set has been used to replace the integrals contained in the govern-
ing equations by summations. The choice of quadrature for the discrete-ordinate
method is not unique but several restrictions are placed on the set (Carlson and
Lathrop, 1968; Fiveland, 1991; Sanchez and Smith, 1992). The so-called “Level
Sequential-Odd Quadrature” is used in this work. The discrete ordinates are re-
ferred to as S-N, where the total number of directions is:

K=N(N+2) (17)

Quadrature sets for any value of N were generated from a computer code and
agree with those listed by Fiveland (1991).

3.3. Modeling the phase function

For energy to be conserved, the quadrature set must integrate accurately the
scattered intensities, that is, the terms of w/;®,;in Eq. (12), for all forms of phase
functions. Because the integration procedure has already been selected, the phase
function may need modifying in order to guarantee conservation of energy. Eq.
(3) states that the phase function is normalized if energy is to be conserved. Be-
cause only discrete values of @(w;,w;) are evaluated, the integration in Eq. (3)
is performed numerically using;

1 K
4_ni§l®[jwi=1 (18)

An accurate integration procedure results from expanding the phase function in
a series of Legendre polynomials P, () as follows:

M
@,=Y (2n+1)b,P,(cos 6;) (19)
n=0

where M, represents the number of terms in the series, b, are coefficients for the
series expansion of the phase function in terms of Legendre polynomials of order
n, and the cosine of the angle between discrete directions i and j is evaluated
from:

The representation of the phase function in terms of Legendre polynomials al-
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lows for the accurate evaluation of this function between any two directions based
on known discrete values.

When a quadrature set is used in the integration of Eq. (19), energy conserva-
tion may not be satisfied for values of NV that yield reasonable computational
times. To address this concern, the renormalized phase function @; is:

. 1 X
¢ij=¢ij/£zi§lwi @u . (21)

An isotropic phase function (@=1) does not require renormalization. In the re-
mainder of this work, the overbar indicating a renormalized phase function is
omitted for simplicity; it is understood, however, that the phase functions are
always renormalized.

For highly anisotropically scattering particles (large rain droplets, for exam-
ple), Eq. (19) may require an excessive number of terms in order to describe
accurately the phase function. To address this concern, the phase function is scaled
using the J-M scaling method (Wiscombe, 1977; Kim and Lee, 1990a). In the
J6-M scaling, the original phase function @ is replaced by a forward term and a
scaled scattering phase function &:

D, =4nfd' (@, — @)+ (1-f) P (22)-

where f'is a forward fraction parameter to be defined later, ¢’ is the Kroneker
delta-function, and the tilde indicates a scaled quantity. When Eq. (22) is substi-
tuted into Eq. (2) and the following scaled properties are introduced:

§=s5(1—1) (23a)
B=pB—fs (23b)

an expression identical to the form of Eq. (2) results with the radiative properties
of s and f replaced by the respective scaled properties in Eq. (23). Hence, the
numerical formulation of the discrete-ordinates method does not have to be mod-
ified provided the scaled radiative properties are used. From Eq. (5), the optical
thickness of the scaled domain is less than that with unscaled properties. The
scaled phase function in Eq. (22) is expanded in a series of Legendre polynomials:

5,,=M2_1(2n+1)5,,1)n(cos 6,) (24)
n=0

where M (the number of terms in the scaled series) is less than M. The coeffi-
cient of the term where the original series is truncated (b,,,) is used to define the
forward fraction parameter:

Substituting Egs. (24) and (19) into Eq. (22) and equating coefficients (up to
the M term ), the expression for the scaled coefficients 5, is obtained:
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5 bn _f

n = 1—

It should be remembered that the scaled phase function needs to be renormalized
according to Eq. (21). The scaling method results in a transformation of a given
optically thick, highly anisotropic problem into a similar one that is optically
thinner and requiring fewer discrete directions for its solution. This transforma-
tion is, however, not free of possible complications. If the scaling is too ambitious
(for example, applying a —~M transformation (Wiscombe, 1977) with M=4 to
a phase function that requires two hundred terms for its series expansion ), the
scaled phase function will produce physically unrealistic negative values.

In order to avoid negative values of the phase function, Kim and Lee (1990b)
suggest to further modify the scaled phase function by adding a positive constant
according to:

(26)

&,+B
= 1+B 7
where B is the largest negative (if any) value taken by @,-j:
B=max ﬂ—z—ldﬂ (28)-

Equating the terms in the series of Legendre polynomials in Eq. (27), the coeffi-
cients for the expansion of the modified -M phase function are:

b, +B&' (n)
b, =""1F (29)
The forward fraction parameter is defined as:
. (1+B)b, -5,
f= (1+B)-b, (30)

In a procedure similar to that of the previous section, the radiative properties are
found to be scaled by:

§=s(1—1) (31a)
and:
p=p-f3 (31b)

As before, the phase function from Eq. (27) requires renormalization.
3.4. Other features
The calculation of I” in Eq. (12c) is based on some location within control

volume P, which may not be at the center of control volume P. This location was
obtained by spatially averaging the direct beam attenuation over the control vol-
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ume. Assume that the direct beam is incident on the top of the system shown in
Fig. 1. The distance measured from interface #» where the direct intensity reaches
its average value is:

~ ﬂAy )Jc/ﬁ]
Ay”"“[(écll—exp(—/my/acn (32)

Similar expressions apply for Ax, and Az, by replacing d, and Ay with their coun-
terparts. Values of Axp, Ayp, and Azp are used to find { in Eq. (4) and the calcu-
lation of I” in Eq. (12¢).

In many applications, the radiation field presents periodicity in one or more
directions. From the point of view of both memory requirements and computing
time, it is advantageous to apply a “mirror technique between facing boundaries”
to the directions of periodicity. Hence, the intensities going out of a surface (for
a given iteration ) are placed as intensities coming into the opposite wall (bound-
ary condition for the next iteration) for the direction being modeled. Further-
more, the radiation field in some applications may have symmetry across a given
plane in one or more directions. Planes of symmetry behave in a way similar to
specularly reflecting walls. A “mirror technique”™ can be applied to the plane or
planes of symmetry (or specularity). In this procedure, the intensities going out
of a surface (for a given iteration and for the direction being modeled) are placed
as intensities coming into the same wall (boundary condition for the next itera-
tion) in the mirroring direction. It is important to notice that the symmetry re-
quirement refers to the radiation field. In general, a collimated source will render
this field non-symmetric and caution must be exercised.

The model has the capability to solve lower order dimensional problems (S4n-
chez et al., 1993). This capability allows for comparison and possible parameter-
ization of predictions obtained using different dimensionalities in the solution of
a given problem. An examination of the derivation of Eq. (10) reveals that the
degree of dimensionality is dictated by the presence of the direction cosines and
the phase function. A simple procedure to simulate lower dimensionalities by
means of a general 3D code is to select the quadrature set, calculate the phase
function for all pairs of directions (including, if present, beam and sensor), set
the direction cosines in the direction (2D) or directions (1D) of “infinite” length
to zero, and solve for the intensities.

In some applications, the intensity toward a satellite or sensor in directions
other than those of the discrete quadrature set may be required. The intensities
from Eq. (10) contain enough information to describe the entire radiation field
and to evaluate the source terms (S, S,, and S;) required to apply Eq. (10) to
any sensor direction (u, J;, and y,). The set of discrete intensities 7 is known
throughout the entire domain. The intensities in the direction of the sensor are
calculated by evaluating the boundary intensities from Eq. (13), the source terms
from Eq. (12), and then applying Eqgs. (10) and (11) to obtain the desired out-
put intensities. This procedure does not require interpolation between the dis-
crete directions.
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Assignment of the numerical value of the finite-difference weighting factor «
(see Eq. 10) is based on the dimensionality of the problem. For one-dimensional
systems, the procedure suggested by Fiveland and Jamaluddin (1991) is used.
The procedure consists of initially setting a«=0.5 and, if negative intensities are
encountered, the value of « is increased until positive intensities are found or
until «=1. For two- and three-dimensional problems, numerical experiments re-
veal that setting a=1 yields stable solutions and results that agree (see later sec-
tions ) with those from other radiative transfer models.

Information about the computer code developed for implementing the dis-
crete-ordinates method can be obtained from the authors.

4. Model validation and testing

The presented model and its numerical implementation was validated using
several one-, two- and three-dimensional examples. For one-dimensional, atmos-
pheric radiative transfer applications, an extensive source of published results is
the comparative study by Lenoble (1985). The model was tested for a variety of
situations discussed in Lenoble (1985). The tested scenarios included problems
with walls and medium with spectrally dependent radiative properties, isotropic
and anisotropic scattering, collimated beam, optically thick medium, and exis-
tence of a remote sensor to simulated the received intensities. For details of the
test examples, an interested reader is refereed to Sdnchez et al. (1992). Here,
only one result for each of the one- and two-dimensional geometries is presented.

4.1. One-dimensional optically thick cloud

The test problem for the one-dimensional system is that proposed by the Ra-
diation Commission (Lenoble, 1985) and concerns a thick atmosphere (roughly,
a 4 km thick cloud) in the plane-parallel setting depicted in Fig. 2. The compu-
tations are carried out for a wavelength of 0.7 um assigning a refractive index for

Fig. 2. Geometry used in the one-dimensional tests. Spherical scatters represent the CI cloud and
optical depth 7 is measured from the top and varies from 0 to 64.
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water of 1.33. For the case presented here, a detector output angle of 53.13°
(04=0.6) is selected.

A polydispersion of type C1 is reported to have a drop size distribution resem-
bling that found in real clouds. The C1 drop size distribution was used in the
calculations (Deirmendjian, 1964; Lenoble, 1985). With these parameters, the
cloud optical thickness is 7,=64 and the optical depth 7 ranges from 0 to 64. To
obtain an accurate solution for such a cloud, several layers would be required in
the computational domain. Furthermore, a highly anisotropic scattering phase
function is expected, due to the relative size of the wavelength under considera-
tion and the range of the particle size in the polydispersion (0.1 <r<15 um). A
modified J-4 is used as discussed in Section 3.3 and the optical thickness is re-
duced to 1/3 of its original value (see Sanchez et al., 1992 for details).

The model computer implementation, called ANDISORD4, was run with a S-
8 (40 streams up and 40 streams down ) quadrature set and 10, 20, and 30 layers.
The most sensitive results (/3(7) and g,..(7) for intensity toward sensor and net
flux at 7=0, respectively) occur at the top surface of the layer. These resulis are
displayed in Table 1 for single scattering albedo @, =s/8=1.0. When the number
of layers is increased from 20 to 30, the intensity toward the sensor increased by
less than 0.4% while the net flux decreased by less than 1.5%. From Table 1, it
can be concluded that, with 30 layers, the results are practically converged.

Tables 2 and 3 contain, for comparison, results for the sensor intensity I, at

Table 1
Influence of the number of layers on the detector intensity and the net heat flux at the top of the cloud
for the one-dimensional tests

Layers 13(0) Change (%) e (0) Change (%)
10 0.8377 - 0.5207 -

20 0.8533 —1.86 0.4867 6.53

30 0.8566 —-0.39 0.4799 1.40

Table 2

Intensity toward sensor for Cloud C1 as a function of optical depth for the one-dimensional tests.*
ANDISORDA4 is the current method and the other methods are described by Lenoble (1985)

Method Intensity toward sensor (dq=0.6)

=0 7=3.2 7=6.4 7=12.8 =32 =48 =64

Spherical

harmonics 0.825 0.978 0.988 0.902 0.570 0.291 0.0
Finite

difference 0.805 - - - - - -
Monte Carlo 0.788 0.816 0.959 0.851 0.449 0.307 0.0
Asymptotic 0.821 - 1.010 0.901 0.568 0.292 0.0
ANDISORD4 0.857 0.977 0.989 0.908 0.575 0.294 0.0

*Underlined items denote interpolated values.
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Table 3
Heat flux at top of cloud layer for Cloud Cl1 as a function of optical depth for the one-dimensional
tests. ANDISORDA4 is the current method and the other methods are described by Lenoble (1985)

Method Net flux (direct+diffuse)
=0 t=3.2 7=6.4 7=12.8 7=32 7=48 =64

Spherical

harmonics 0.4828 * 0.4826 0.4825 0.4825 0.4823 0.4822 0.4821
Finite

difference 0.4811 0.4811 0.4811 0.4811 0.4811 0.4811 0.4811
Monte Carlo 0.4856 - - -~ - - 0.4856
Asymptotic 0.4900 - 0.5000 0.4950 0.4950 0.4950 0.4950
Discrete

ordinates 0.4634 - - - - - 0.4633
Doubling 0.4796 0.4796 0.4796 0.4796 0.4796 0.4796 0.4796
Eddingion 0.4731 0.4731 0.4731 0.4731 0.4731 0.4731 0.4731
Delta

Eddington 0.4759 0.4759 0.4759 0.4759 0.4759 0.4759 0.4759
Standard

Two streams 0.6703 0.6703 0.6703 0.6703 0.6703 0.6703 0.6703
Exponential

kernel 0.4759 0.4759 0.4759 0.4759 0.4759 0.4759 0.4759
ANDISORD4 0.480 0.480 0.480 0.480 0.430 0.479 0.479

*Underlined items denote interpolated values.

J04=0.6 and net radiative flux ¢,.,(0) obtained from this study using 30 layers
and from several other methods reporied by Lenoble (1985). Results provided
by the present model are in good agreement with those of other methods. From
the results presented in Tables 1 to 3, it can be seen that even the 10 layer system
could have been used with approximately the same degree of accuracy.

4.2. Parallel beam radiation and isotropically scattering medium in a two-
dimensional enclosure

The presented model is validated for two- and three-dimensional geometries
using test problems that include isotropic and anisotropic participating media,
black, gray, and highly reflecting walls, optically thick media, internal sources,
radiative equilibrium, spectrally participating media, parallel beam at varied po-
lar and azimuthal angles, and several types of boundary conditions (Sanchez et
al., 1992). As an illustration, the problem of beam radiation incident on an iso-
tropic medium in a two-dimensional enclosure is presented.

The geometry and the conditions for the problem modeled in this test are shown
in Fig. 3. For the two-dimensional enclosure, the top wall is transparent, the other
walls are opaque and black, and the length of the domain in the z-direction is
infinite. The medium has unit optical thicknesses for the x- and y-directions and
has @,=1.0. Thermal emission of the walls and medium is neglected.
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Fig. 3. Two-dimensional test geometry. The arrow labeled /. denotes the direction of the collimated
beam.
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Fig. 4. Dimensionless heat fluxes for normal incidence for two-dimensional test problem.

Figs. 4 and 5 show comparisons of the results from the present model and those
obtained by Crosbie and Schrenker (1985), Kim and Lee (1989), and Tan and
Howell (1990) using two-dimensional models. In these figures, dimensionless
heat fluxes are defined as the net fluxes divided by the heat flux at the top wall
due to the parallel beam (Z. cos(6.)). In all the cases studied, the model is imple-
mented on an 11X 11 grid mesh, and a S-4 quadrature set is used. Especially
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Fig. 5. Shadowing effects on the lower surface for the two-dimensional test problem.

significant is the good agreement with the results from Kim and Lee, considering
that these authors used a discrete-ordinates model with a S-14 quadrature set and
up to 25 non-uniform grid points. Excellent agreement is also obtained in the
prediction of shadowing effects for those situations where the direction of the
parallel beam is not perpendicular to the top surface (Fig. 5).

For three-dimensional geometries, the model is tested against engineering-type
problems solved by Menguc and Viskanta (1985), Jamaluddin and Smith (1988),
Naraghi et al. (1988), Truelove (1988), Fiveland and Jamaluddin (1991), Nar-
aghi and Huan (1990) and Tan and Howell (1990). In all cases, the presented
method performed well. Details of these comparisons are given by Sdnchez et al.
(1992).

The model capabilities are also tested by solving a number of additional prob-
lems (S4nchez et al., 1992). These problems include two- and three-dimensional
coupling of radiative transfer model with models of other forms of energy trans-
fer (including natural and forced convection); three-dimensional collimated
source and sensor configurations at different angles and under different scatter-
ing conditions; three-dimensional, nonhomogeneous problems in optically thin
and optically thick settings; and three-dimensional spectral problems including
radiative equilibrium.

In the next section, results of the three-dimensional simulation of radiation by
a broken cloud field is presented. Some of the calculated quantities can be com-
pared directly with results obtained by Welch and Wielicki (1989) using a Monte
Carlo method, whereas other results are original.
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5. Broken cloud field simulation

Although the real shape of clouds can vary widely, and could be described by
fractals (Mandelbrot 1983 ), semi-infinite geometries and cubical arrays have been
commonly used by different investigators (McKee and Cox, 1976; Welch and
Wielicki, 1989) to study the radiative characteristics and properties of clouds.
Due to the complexities and physical dimensions of the problems considered, the
Monte Carlo method has been commonly used for the solution of such problems.
The intention of this example is to show that the three-dimensional model devel-
oped in this work can be used in the analysis of these problems.

5.1. Geometry

An infinite array of cubical clouds is shown in Fig. 6. The clouds have dimen-
sions of 1 X 1X 1 km and are placed 1 km above a diffuse surface with an albedo
of 0.3. The scattering of radiation by the cloud particles is represented by a Hen-
yey-Greenstein phase function with an asymmetry parameter g=0.86. The cloud
optical thickness is 10. Solar radiation irradiates the cold (non-emitting) clouds
at a polar angle 6,=60° and an azimuthal angle ¢.=0°. The output of radiation
measured by a satellite (with a very narrow field of view) placed at a location
defined by a polar angle of 53.13° and a given azimuthal angle is evaluated.

Numerical :_f
Domain _’f‘\'*""", 2 L
: I i
. ' L
N .
. ’ —
' ’
_______ P—
e L2
(a) Top view
Solar Flux
Scattering clouds
0 v T
D¢ b N ¢
R ) = g e <

(b) Interactions

Fig. 6. Geometry for the infinite field of broken clouds.
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5.2. Scattering albedo

Welch and Wielicki (1989) used a Monte Carlo method to evaluate the albedo
of this cloud-space—earth configuration for different ground albedos, cloud op-
tical thicknesses, and cloud cover. The cloud cover CC is defined as:

CC=(L,/L,)?, (33)

where L, and L, correspond to the dimensions indicated in Fig. 6.

The cloud cover is modified by changing the dimension L,, while L, and the
altitude of the clouds remains constant. The model is implemented with different
grid configurations ranging from a 1 X 10X 1 uniform grid (for clear sky, CC=0.0
and, for all covered sky, CC=1.0) to an 11X 10X 11 non-uniform grid (for
CC=0.9) on the reduced numerical domain depicted in Fig. 6. This domain is
formed by lateral periodic boundaries (notice, through, that the solar beam, with
the shadows that it produces, renders the domain non-symmetric).

The computer code (Sanchez et al., 1992) has the built-in capability for eval-
vating Henyey-Greenstein phase functions for user-provided asymmetry param-
eters. For this type of application, with large optical thickness and highly aniso-
tropic phase function, a “Henyey-Greenstein modified d-4” option is selected..
The original as well as the scaled phase functions resulting from these calculations
are shown in Fig. 7. Note that the modified §-4 model does not give as small of

102
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g=0.86
0! 4
=
2
51
&
2
<
5 109 4
g
£
o
3
10 -1
16 2 ———

1+t v t T 1 T L
0 20 40 60 80 100 120 140 160 180
Scatiering angle (deg)

Fig. 7. Phase function for cubic cloud example.
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values for the phase function for scattering angles near 90° and 180° as for the -
4 model.

Cloud field albedos calculated with an S-8 implementation of the discrete-or-
dinates model for ¢.=0° are compared in Fig. 8 with the corresponding values
calculated by Welch and Wielicki (1989). An empirical parameterization (Welch
and Wielicki, 1989) of the albedo based on the limiting values for clear sky (a)
and the totally clouded sky (a.) is also represented in the same figure. The results
obtained with the model based on the discrete-ordinates method agree very well
with those of Welch and Wielicki (1989). Equally good is the agreement between
the empirically parameterized albedos and those calculated here. The parameter-
ization, however, does not capture the behavior of the cloud field albedos in the
region of intermediate cloud cover. The albedos proved to be very susceptible to
the discretization in the vertical direction when the full three-dimensional prob-
lem, with periodic boundaries, is solved. In general, 10 layers in the vertical di-
rection are needed.

5.3. Intensities

Dimensionless intensities (//1.) in the direction of the satellite are displayed
in Figs. 9 and 10 for CC=0.36. All the parameters in both figures are the same,
with the exception of the satellite azimuthal angle, which corresponds to 0° for
Fig. 9 and to 45° for Fig. 10. Evaluation of satellite sensed intensities is of im-
portance for studies concerned with atmospheric remote sensing. The dimension-
less intensities in Figs. 9 and 10 show the potential of the model. In these figures,

0'7 T T T T
0.6}
0.5}
o
B
E=}
<
04}
o™ T Monte Carle (Welch and Wielicki, 1989)
) ~ees - Parameterization (Welch and Wielicki, 1989)
g ANDISORD4 (S-8)
0.2 L L ) )
0.0 0.2 0.4 0.6 0.8 1.0

Cloud Cover (CC)

Fig. 8. Cloud field albedo estimates for ground aibedo of 0.3 for the broken cloud field.
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Fig. 9. Dimensionless intensities toward the satellite for ground albedo of 0.3 for the broken cloud
field; CC=0.36; 8.=60°, 6.=0°; ,=53.13°, ¢4=0°.

the maximum intensity is always directed in the direction of the longest line of
sight for the satellite. The original cubic clouds (represented by a dotted square
in Figs. 9 and 10) are lost in the satellite image. Also, when comparing these two
figures, it is evident that changing the relative position between the satellite and
the other components of the system can drastically change the perceived image.
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Fig. 10. Dimensionless intensities toward the satellite for ground albedo of 0.3 for the broken cloud
field; CC=0.36; 6.=60°, ¢.=0°; 6,=53.13°, ps=45°.

The dimensionless solar intensity reflected by the ground is on the order of 0.048,
which is not captured in either image. The “clear corridors” in Fig. 9 indicate a
dimensionless intensity near 0.06 (compared with 0.048) indicating the inter-
action between the clouds and the ground.

6. Summary and conclusions

The development, implementation, and testing of a three-dimensional radia-
tive transfer model for application to remote sensing in multidimensional sys-
tems containing spectrally participating scattering media are described. The ca-
pabilities of the discrete-ordinates method are the main reasons for its selection
as the working tool for the model. The formulation based on the discrete-ordi-
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nates method is used to develop a computational algorithm that takes advantage
of the solution for the intensity field provided by the model. The algorithm is
implemented in the form of a computer package (with components called
ANDISORD4 and MDATOS) written in FORTRAN 77. The code has the fol-
lowing capabilities :
(1) Geometry: the model can solve for one-, two- and three-dimensional
geometries.
(2) Media: the model is capable of treating nonhomogeneous, anisotropically
scattering media in the presence of real gases and polydispersions.
(3) Optical range: the model is applicable for any range of optical thickness.
(4) Spectral range: the model can be used for a single wavelength, a selected
band or the entire spectrum.
(5) Parallel beam radiation: the model can handie a collimated beam incident
from any direction and on any set of surfaces.
(6) Boundary conditions: the model includes the following boundary conditions:
(i) isotropic background radiation,
(ii) any desired temperature distribution,
(iii) transparent or opaque boundaries,
(iv) diffuse, specular, or black walls,
(v) boundaries can be planes of symetry, and
(vi) periodic boundaries.
(7) Sources: the model allows for any distribution of internal energy sources.
(8) Interfacing: the model can be interfaced with existing codes that solve for
other forms of energy transfer.
(9) Radiative equilibrium: the model is able to solve for radiative equilibrium.
(10) Output: the outputs of the model are:
(1) heat fluxes along all the boundaries,
(ii) intensity field,
(iii) divergence of the radiative heat flux vector (on a grid by grid basis),
(iv) temperature distribution in cases involving radiative equilibrium, and
(v) outgoing intensity in any given direction (sensor).
(11) Grid: the algorithm supports uniform or non uniform grid.
(12) Numerical characteristics: the model is accurate and stable.

The model has been successfully bench marked against available solutions in
one-, two- and three-dimensional geometries including isotropic and anisotropic
participating media; homogeneous and nonhomogeneous media; optically thin
and optically thick atmospheres; internal sources; parallel beam and sensor at
varied polar and azimuthal angles; radiative equilibrium; black, gray, and highly
reflecting walls; spectrally participating media and walls; and practically all types
of boundary conditions. Furthermore, the capabilities of the model have been
exemplified with the solution of problems that included interfacing with existing
codes solving for other forms of energy transfer (including natural and forced
convection ); three-dimensional collimated source and sensor configurations at
different angles and under different scattering conditions; three-dimensional
nonhomogeneous problems in optically thin and optically thick settings; and three-
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dimensional spectral problems including spectral equilibrium. Although these re-
sults cannot, in general, be validated against the results of other studies, both
physical and qualitative arguments indicate that the answers obtained from the
model are plausible.

The performance of the model in the evaluation of the radiative properties of
particles and polydispersions as well as for theoretical phase functions has been
verified. The usefulness of the modified §—-M scaling technique in the treatment
of problems involving large optical thicknesses and highly scattering media has
also been evidenced.

The model is applied to simulate radiative transfer in a broken cloud field. The
results obtained point to the importance of the three-dimensional aspects of ra-
diative transfer modeling. This has serious implications for the interpretation of
remote sensing images of clouds and estimation of rainfall.

The authors have extended this study to examine three-dimensional aspects of
raining clouds over a reflecting surface (Haferman et al., 1993). The model is
being applied to simulate microwave observations of the COHMEX storm, much
like Mugnai et al. (1990) who used a one-dimensional radiative transfer model.
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