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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 usedfor radiation modeling in GCMs is so large that the cells are e ectively shaped like
square\pancakes", with rough dimensionsof 100sof km horizortally and 1 km vertically. In this situation,
a reasonableand commonly-usedapproximation known as the Independert Column Approximation (ICA)
neglectstransport through the sidesof the pancale-shaped cells and treats ead column of cells (or \stack of
pancakes") as an independert one-dimensional1D) problem. More recerly, the pancaleshave beendivided
into a number of optically distinct sub-cells(e.g., cloudy vs. clear regions) where the ICA is applied; then
averagingis performed over the sub-cells. Howeer, in order to resole the detailed dynamics of corvection
and cloud processesseweral ARM scienceteams have invested heavily into cloud[-system]resolving models
(C[S]RMs) and large-eddysimulations (LESs) wherethe elemenary cellsnow have aspect ratios closeto unity.
The multi-layer ICA is still usedin sud modelsto computethe radiativetransfer but it is nolongerareasonable
appraximation for a re ned, aspect ratio=1 meshdue to important horizortal uxes that cannot be modeled
via a cyclic boundary condition. True three-dimensional3D) radiation transport modelingis requiredto derive
the proper spatial distribution of radiant energydeposition.

In this posterwe descrike the developmern of a 3D radiative transfer modeling capability for transport through
given 3D media, evertually in the courseof a dynamical cloud modeling run, basedon photon di usion theory.
At leastinside cloudy regions,this modeling framework is accurateyet e cient for solar heating and thermal
cooling rates. This capability is beingdewelopedin the CaesarCode Padcage(http://www.lanl.gov/Caesar ),
which is a parallel, object-basedcomputational physicsdewelopmert environment. The padkageuseslevelized
design, Designby Contract™ , extensiwe unit testing, and the ideasof literate programmingto generaterich
documertation from the source.Resultsfrom preliminary calculationsare showvn, drawn in particular from the
Intercomparisonof 3D Radiation Codes(I3RC) protocol.
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Justi cation
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Figure 1: Schematic of radiative transfer in a GCM 807 Bun

cell and in a CRM. We have carefully avoided any
verical exaggeration here.Note that the aspect ratios of
the GCM (a) and CRM (b) columns are approximately
inverse of each other. In panel (a) above, we illustrate
the “spheres of influence™ of pertutbations as predicted
in diffusion theory, standard or anomalous (Davis and
Marshak, 2002). In the GCM geometry, net cell-to-cell
radiative interactions are negligible. 1In the CRM
geometry, net column-to-column radiative interactions
are significant ar all heights and are complex in

the vicinity of cloudy cells. (b) CRM ¥
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acouple of typical CRM columns, and their neighbors (cloudy cells highlighted)
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Justi cation

Spectral radianceratio | ( )=I (0) for the
indicated valuesof obsened at the posi-
tion of the U. of Washington's Corwvair C-
131A at 09:37PDT alongits ight insidea
marine stratocumulus layer on July 10, 1987
(during FIRE) in the Cloud Absorption Ra-
diometer's scanplane, perpendicular to the
line-of- ight. Forall but =2 m we have
acleardi usion-domain dependencean cos .
For =2 maCO; absorptionfeatureleads
to lesslight (increasednoise) and the re-
guiremert 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/

(cont.)
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Atmospheric Radiation Mo del Equation Set

! !
r Dr J+(1 $p9 J=%p6e °
Which canbe written

r! F!+(1 $09 J=%p e °

|
F = DrJ

Where
_ R
J = Intensiy= 1 (x;z;) d
! R
F = Flux= | (x;z;) d
D = Diusion Coe cient = I 5.9 -
= Extinction or Total Cross-Section.
Q = Intensily SourceTerm= $o e °:
$o = Single-Scatteringdlbedo.
o = Optical Depth.
g = Meancosineof the scatteringangle.
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Intercomparison of 3D Radiation Codes Pro ject
(IR C) Case 1. Square-W ave Cloud

Aspectratio of 2: h = 0:25km, L = 2h.

Boundaryconditions:Periadicat x = Oandx = L, Vacuumat z = 0 and
Z = h.

Opticaldepth of2forx < L=2; of18forx > L=2.

Two solarilluminationanglesQ) ( o= 1)and60 ( o= 1=2).

Two single-scatteringlbedos$ o= 1and$ o = 0:99.

Volumesourcderm, Q (X; z), isthe scatteringfrom an uncollidedux calcu-

lation,$ o e ©.
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0(X; 2)
Q(x; z)

J (x; 2)
Orad (X; 2)
R (x)

T (x)

A (x)

H (x)

Output of Interest

Optical Depthfor the Incidernt SolarRadiation,usedin the uncollidedux calculation
$0 e °= Intensity SourceTermfrom the isotropicscatteringof the uncollided ux :
Intensity:

(1 $0) J(x;z)= HeatingRate

|
F njtop = NormalFlux directedoutwardsat the top of the problem

|
f R pottom = NormalFlux directedoutwardsat the bottom of the problem

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

V4

1 R(X) T A (X)= Horizottal Flux Divergence
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Optical Depth, o(X;z), =60
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Source, Q(x;z2)=%p e 0, =0
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Source, Q(x;z2)=%pg e 9 =60
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Csar Results: J(x;z), =0, % =100
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Csar Results: J(x;z), =0, % 7=0.99
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Csar Results: J(x;z), =60, %3=1.00
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Csar Results: J(x;z), =60, % 3=0.99
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Csar Results: Heating Rate, o= (1 $0) J (X 2),
=0, $ (=0.99
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Csar Results: Heating Rate, o= (1 $0) J (X 2),
= 60, $ 5=0.99
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Boundary Fluxes (R (x);T (x)) and
Horizon tal Flux Div ergence (H (x))

Captionon nextslide.
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Boundary Fluxes (R (x);T (x)) and
Horizon tal Flux Div ergence (H (x)) (cont.)

Flux eldsforthel3RC\Casel" square-avecloudin the conserative ($ o = 1) case Benhimarks
for comparisorwith the 3D di usion theoreticalresults(ED3D cade) are: a full 3D RT equation
solution (TWODANT cade), and the ICA (usingboth the 1D RT equationand the analytical
di usion solution). Two solarillumination anglesand two boundary uxes fR(x); T (x)g are
considerealongwith the\horizortal uxes" (or apparenabsorptionH (x) =1 R(Xx) T(x):

(@) R(X); T(x); 0=10,(b) R(x);T(X); 0=160 (c) H(x); 0=0,and(d) H(x); o= 60.

In spite of the mirror symmetryof cloud structurearoundthe vertical planesat x = 0:125and
0:375km, the uniform ¢ = lilluminationandthe angularly-itegratedresmnse we notea minor
asymmetryin the resultsfrom TWODANT. That is becaus&D RT equationsolhersbasedon a
grid proceedby \sweeps'in a givendirectionanditerations. This givesanindicationofthe residual

numericalerror.
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Column Absorption

Sameasprevious gure but for column absorption
(when $ ¢ = 0:99). Here, the 1D and 3D di usion

results distinguish between with (thin solid line)
and without (thin dashedline) the -rescaling.

Two solarillumination anglesareagainconsidered:

(@ A(x); o= 0, and(b) A(x); o= 60, both

with and without -rescaling(samevisual encal-
ingsbut thick lines). In the former case, -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 solar heating rate
canbeo by asmuch asafactor of 2. This happens
near the strong gradierts whenthe illumination is
signi cantly o -zenith. By comparison,the error
inducedby the di usion appraximation is lessthan

10%.

(A (X))
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Csar Physics Description

GeneraDi usion Code, appliedto AtmospheridRadiation
Multiple Dimensionaly (1-D, 2-D, 3-D)

Uniform Mesh

Second-OrdeConvergen Di usion Discretizations
Parallel,written in Fortran 90

Basedon earlierAugustus(P-1) and Spartan(SPy ) cades

Future: UnstructuredHexahedraMeshesPolyhedralMeshesMultigroup,
TensorDi usion, Mixed Cells, Transport
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Csar Coding Description

Written in Fortran-90,prepraessedy Gnu m4.
Object-basedascloseaspossibleo object-orieed in Fortran-90.

Both paralleland serialversions.

Completelyewelizeddesignno dependencyoopsbetweenclassesr modules.
Extensie useof Designby Cortract to verify the behavior of all procedures.
Completeunit testingto certify all classes.

Useghe ideasof literate programmindo generat@ocumemation (in HTML,
PostScriptand PDF) from commets includedin the cade,via the Documenm
Padage.
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Csar Documentation

Makinguseof the capabilitiesof Document IATEX and IATEX2HTMLthe C sar Codedocumen-
tation hasthesefeatures:

Hardcoy and HTML versiondrom a singlesourcewhid is collacatedwith the sourcecade
Multiple output les and sourcdanguage$f90,gm4)

Graphicsgequationscade listingseasilyincluded

Automatictable of cortents (hyperlinkedin HTML)
Semi-automaticndexing(hyperlinkedin HTML)

ltemsincludedin only IATEX or HTML version

Automatic navigationtools for HTML (Next, Up, Previous,Corterts, and Index links on
e\ery page)

Hyper reference&.g.\seeSection3.2" becomes link)
ExternalHTML links (e.g.to relatedpresetations, papers,pakagesor projects)

Lewvel 6 Documemation | User'sManual, Code Manual, Methads Discussiorand Code
Listing in Hardcoy and HyperlinkedHTML via Literate Programming
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Unit Testing / Levelized Design

Basic ldea of . Eadh compnen is testedin isolation{ only compners that
have beenpreviouslytestedmay be included.

Basic Idea of Levelized Design: Ead commnen dependsonly on commnerns that areat
a lower level { no feedbak or circulardesigns.

Level 3:

Example: /A\

Level 2: B E

p

Level 1: C D Allowed G

Level O: F

Why is a LewlizedDesigndesirable?
Necessarfor incremetal compilationin FO0if dependencys via \use assagiation”
Makes possible
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Curren t Levelized Design for C sar

Level 7:

Level 6:

Level 5:

Level 4:

Level 3:

Level 2:

Level 1:

Level 0:

Host Code

Augustus Diffusion Package

Current Problem Term
State Library

AN
: AN
MultiMesh Class
AN
AN
AN
LAMG

Algebraic Multigrid

Package

z / 14
PGSLib PCG \
Communication / Linear Solver
Library Package \
- [
N \
~
~ | /
S~
\MPI = l:/le’s/sa e LR
Passin Interfgace Eheaglochia

9 Library
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Summary

TheCaesadi usion padkagehasbeenusedo model2D di usion in anatmospheric
radiationmodel, makinguseof anuncollidedux for anisotropicscatteringsource
term. The maodel has exposedlimitations of the commonlyusedindependen
ColumnAppraximation (ICA).

TheC sar di usion pakageemplysmary of the latestideasn sofivaredesign:

Literate Programming sourceand documemation storedtogether.

The DocumentPadageis usedto extract documemation from code source,
whidh is processethy IATEX into hardcoy and IATEX2HTMLinto hyperlinked
HTML.

A LewlizedDesignis usedto facilitate Unit Testing whid is accomplished
usingthe gm4prepraessoandthe self-tesfeatureof the DocumentPadage.

Veri cation gm4dmacrosareusedto implemeh DesignBy Cortract.
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Future Work

Time dependence.
3D test problemgq Caesaiis alreadyworkingandtestedin 3D).
Brokenclouds.

Sphericatloud.
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