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Abstract

Accurate modeling of radiative energy transport through cloudy atmospheresis necessaryfor both climate
modeling with GCMs (Global Climate Models) and remote sensing. The aspect ratio (horizontal/v ertical)
of the mesh cells used for radiation modeling in GCMs is so large that the cells are e�ectiv ely shaped like
square\pancakes", with rough dimensionsof 100sof km horizontally and 1 km vertically. In this situation,
a reasonableand commonly-usedapproximation known as the Independent Column Approximation (ICA)
neglectstransport through the sidesof the pancake-shaped cells and treats each column of cells (or \stack of
pancakes") as an independent one-dimensional(1D) problem. More recently, the pancakeshave beendivided
into a number of optically distinct sub-cells(e.g., cloudy vs. clear regions) where the ICA is applied; then
averaging is performed over the sub-cells. However, in order to resolve the detailed dynamics of convection
and cloud processes,several ARM scienceteams have invested heavily into cloud[-system]resolving models
(C[S]RMs) and large-eddysimulations (LESs) wherethe elementary cellsnow have aspect ratios closeto unity.
The multi-layer ICA is still usedin such modelsto computethe radiative transfer but it is no longera reasonable
approximation for a re�ned, aspect ratio=1 meshdue to important horizontal 
uxes that cannot be modeled
via a cyclic boundary condition. True three-dimensional(3D) radiation transport modeling is requiredto derive
the proper spatial distribution of radiant energydeposition.

In this posterwe describe the development of a 3D radiative transfer modeling capability for transport through
given 3D media,eventually in the courseof a dynamical cloud modeling run, basedon photon di�usion theory.
At least inside cloudy regions,this modeling framework is accurateyet e�cien t for solar heating and thermal
cooling rates. This capability is beingdevelopedin the CaesarCodePackage(http://www.lanl.gov/Caesar ),
which is a parallel, object-basedcomputational physicsdevelopment environment. The packageuseslevelized
design,Designby Contract TM , extensive unit testing, and the ideasof literate programming to generaterich
documentation from the source.Resultsfrom preliminary calculationsare shown, drawn in particular from the
Intercomparisonof 3D Radiation Codes(I3RC) protocol.
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Justi�cation
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Justi�cation (con t.)

Spectral radiance ratio I � (� )=I � (0) for the
indicated values of � observed at the posi-
tion of the U. of Washington's Convair C-
131A at 09:37PDT along its 
igh t inside a
marine stratocumulus layer on July 10, 1987
(during FIRE) in the Cloud Absorption Ra-
diometer's scanplane, perpendicular to the
line-of-
igh t. For all but � = 2 � m we have
a cleardi�usion-domain dependencein cos� .
For � = 2 � m a CO2 absorptionfeatureleads
to less light (increased noise) and the re-
quirement of higher-ordersphericalharmon-
ics to model the radiance. This plot is re-
produced from Fig. 6 by King, Radke and
Hobbs (J. Atmos. Sci., 47, 894-907,1990).
For more on the CAR instrument, seethe
URL http://car.gsfc.nasa.gov/ .
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A tmospheric Radiation Mo del Equation Set

�
� !
r �D

� !
r J + (1 � $ 0) � J = $ 0� e� � 0

Which canbe written
� !
r �

� !
F + (1 � $ 0) � J = $ 0� e� � 0

� !
F = � D

� !
r J

Where

J = Intensity =
R


 I (x; z; 
) d
 :
� !
F = Flux =

R

 
 I (x; z; 
) d
 :

D = Di�usion Coe�cient = 1
3� (1� $ 0g) :

� = Extinction or Total Cross-Section.

Q = Intensity SourceTerm= $ 0� e� � 0:

$ 0 = Single-ScatteringAlbedo.

� 0 = OpticalDepth.

g = Meancosineof the scatteringangle.
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In tercomparison of 3D Radiation Codes Pro ject
(I3R C) Case 1: Square-W ave Cloud

� Aspect ratio of 2: h = 0:25km, L = 2h.

� Boundaryconditions:Periodic at x = 0 and x = L , Vacuumat z = 0 and
z = h.

� Opticaldepth � of 2 for x < L=2; � of 18for x > L=2.

� Two solarilluminationangles,0� (� 0 = 1) and60� (� 0 = 1=2).

� Two single-scatteringalbedos,$ 0 = 1 and$ 0 = 0:99.

� Volumesourceterm,Q (x; z), is the scatteringfromanuncollided
ux calcu-
lation, $ 0� e� � 0.
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Output of In terest

� 0 (x; z) = OpticalDepth for the Incident SolarRadiation,usedin the uncollided
ux calculation:

Q (x; z) = $ 0� e� � 0 = Intensity SourceTermfrom the isotropicscatteringof the uncollided
ux :

J (x; z) = Intensity:

qr ad (x; z) = (1 � $ 0) � J (x; z) = HeatingRate:

R (x) =
� !
F � n̂ jtop = NormalFlux directedoutwardsat the top of the problem:

T (x) =
� !
F � n̂ jbottom = NormalFlux directedoutwardsat the bottom of the problem:

A (x) =
Z

z
(1 � $ 0) � J (x; z) dz = ColumnAbsorption:

H (x) = 1 � R (x) � T (x) � A (x) = Horizontal Flux Divergence:
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Optical Depth, � 0 (x; z), � = 60�
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Source, Q (x; z) = $ 0� e� � 0, � = 0�
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Source, Q (x; z) = $ 0� e� � 0, � = 60�
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C�sar Results: J (x; z), � = 0� , $ 0=1.00
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C�sar Results: J (x; z), � = 0� , $ 0=0.99
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C�sar Results: J (x; z), � = 60� , $ 0=1.00
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C�sar Results: J (x; z), � = 60� , $ 0=0.99
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C�sar Results: Heating Rate, qr ad = (1 � $ 0) � J (x; z),
� = 0� , $ 0=0.99
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C�sar Results: Heating Rate, qr ad = (1 � $ 0) � J (x; z),
� = 60� , $ 0=0.99
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Boundary Fluxes (R (x) ; T (x)) and
Horizon tal Flux Div ergence (H (x))

Captionon next slide.
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Boundary Fluxes (R (x) ; T (x)) and
Horizon tal Flux Div ergence (H (x)) (con t.)

Flux �elds for theI3RC \Case1" square-wavecloudin theconservative($ 0 = 1) case.Benchmarks

for comparisonwith the 3D di�usion theoreticalresults(ED3D code) are: a full 3D RT equation

solution(TWODANT code), and the ICA (usingboth the 1D RT equationand the analytical

di�usion solution). Two solar illumination anglesand two boundary 
uxes f R(x); T (x)g are

consideredalongwith the \horizontal 
uxes" (or apparent absorption)H (x) = 1� R(x) � T (x):

(a) R(x); T (x); � 0 = 0� , (b) R(x); T (x); � 0 = 60� (c) H (x); � 0 = 0� , and(d) H (x); � 0 = 60� .

In spiteof the mirror symmetryof cloudstructurearoundthe vertical planesat x = 0:125and

0:375km, the uniform� 0 = 1 illuminationandthe angularly-integratedresponse,wenotea minor

asymmetryin the resultsfrom TWODANT. That is because3D RT equationsolversbasedon a

grid proceedby \sweeps"in agivendirectionanditerations.Thisgivesanindicationof theresidual

numericalerror.
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Column Absorption (A (x))

Sameasprevious�gure but for column absorption
(when $ 0 = 0:99). Here, the 1D and 3D di�usion
results distinguish between with (thin solid line)
and without (thin dashed line) the � -rescaling.
Two solarillumination anglesareagainconsidered:
(a) A(x); � 0 = 0� , and (b) A(x); � 0 = 60� , both
with and without � -rescaling(samevisual encod-
ingsbut thick lines). In the formercase,� -rescaling
helps,not in the latter. To appreciatethe potential
dynamical e�ect of the bias causedby the ICA as-
sumption, we note that the local solarheating rate
canbeo� by asmuch asa factor of 2. This happens
near the strong gradients when the illumination is
signi�cantly o�-zenith. By comparison,the error
inducedby the di�usion approximation is lessthan
� 10%.
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C�sar Physics Description

� GeneralDi�usion Code,appliedto AtmosphericRadiation

� Multiple Dimensionality (1-D, 2-D,3-D)

� UniformMesh

� Second-OrderConvergent Di�usion Discretizations

� Parallel,written in Fortran 90

� Basedon earlierAugustus(P-1) andSpartan(SPN ) codes

� Future: UnstructuredHexahedralMeshes,PolyhedralMeshes,Multigroup,
TensorDi�usion, MixedCells,Transport
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C�sar Coding Description

� Written in Fortran-90,preprocessedby Gnu m4.

� Object-based,ascloseaspossibleto object-oriented in Fortran-90.

� Both parallelandserialversions.

� Completelylevelizeddesign;nodependencyloopsbetweenclassesor modules.

� Extensive useof Designby Contract to verify the behavior of all procedures.

� Completeunit testingto certify all classes.

� Usesthe ideasof literateprogrammingto generatedocumentation (in HTML,
PostScriptandPDF) fromcomments includedin the code,via the Document
Package.
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C�sar Do cumen tation
Makinguseof the capabilitiesof Document, LATEX andLATEX2HTML, the C�sar Codedocumen-
tation hasthesefeatures:

� Hardcopy and HTML versionsfroma singlesource,which is collocatedwith the sourcecode

� Multiple output �les andsourcelanguages(f90,gm4)

� Graphics,equations,codelistingseasilyincluded

� Automatic tableof contents (hyperlinkedin HTML)

� Semi-automaticindexing(hyperlinkedin HTML)

� Itemsincludedin only LATEX or HTML version

� Automatic navigation tools for HTML (Next, Up, Previous,Contents, and Index links on
every page)

� Hyper references(e.g. \seeSection3.2" becomesa link)

� ExternalHTML links (e.g. to relatedpresentations,papers,packagesor projects)

� Level 6 Documentation | User'sManual, Code Manual, Methods Discussionand Code
Listing in Hardcopy andHyperlinkedHTML via LiterateProgramming
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Unit Testing / Levelized Design

Basic Idea of Unit Testing : Each component is testedin isolation{ only components that

have beenpreviouslytestedmay be included.

Basic Idea of Levelized Design : Each component dependsonly on components that areat

a lower level { no feedback or circulardesigns.

Example:

Level 0:

Level 1:

Level 2:

Level 3: A

B E

C D

F

GNot 
Allowed

Why is a LevelizedDesigndesirable?

� Necessaryfor incremental compilationin F90if dependencyis via \use association"

� MakesUnit Testingpossible
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Curren t Levelized Design for C�sar

Level 0:

Level 1:

Level 2:

Level 3:

Level 4:

Level 5:

Level 6:

Level 7:

MPI - Message 
Passing Interface

LAPACK 
Linear Algebra 

Library

PGSLib 
Communication 

Library

LAMG 
Algebraic Multigrid 

Package

PCG 
Linear Solver 

Package

Host Code

MultiMesh Class

Current Problem 
State

Equation Class

Time 
Integrator

Intrinsic 
Library

UtilitiesParallel Data 
Structure Classes

Mathematics 
Classes

Parallel 
Utilities

Solver Class

Matrix Class

Term 
Library

Material 
Properties

Augustus Diffusion Package Timestep 
Control
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Summary

TheCaesardi�usion packagehasbeenusedto model2Ddi�usion in anatmospheric
radiationmodel,makinguseof anuncollided
ux for anisotropicscatteringsource
term. The model has exposedlimitations of the commonlyusedIndependent
ColumnApproximation(ICA).

TheC�sar di�usion packageemploysmany of the latestideasin softwaredesign:

� LiterateProgramming- sourceanddocumentation storedtogether.

� The DocumentPackageis usedto extract documentation from codesource,
which is processedby LATEX into hardcopy andLATEX2HTMLinto hyperlinked
HTML.

� A LevelizedDesignis usedto facilitateUnit Testing, which is accomplished
usingthegm4preprocessorandtheself-testfeatureof theDocumentPackage.

� Veri�cation gm4macrosareusedto implement DesignBy Contract.
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Future Work

� Time dependence.

� 3D test problems(Caesaris alreadyworkingandtestedin 3D).

� Brokenclouds.

� Sphericalcloud.
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