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1 Intr oduction

This documentprovidesa usersguide anddetaileddescriptionof the Fortranimplementation
of BOB (Built On Beowolf). BOB solvesthe shallov water equationsand dry, hydrostatic
primitive equationsn pressureoordinate®nasphericablomain.It hasbeendesignedvith the
intentionof providing an efficient spectraimplementatiorof the shallov waterand primitive
equationshatcanberunontheinexpensvecommaodityclusterghatarebeingusedncreasingly
asanalternatve to high performanceomputers.

A commonproblemencounteredn suchclusterss thelimited cacheandmemorysizes.To
overcomethis limitation, BOB makesuseof severaloptimizationtechniquesFirst,arecursion
relationis usedto calculatethe associated.egendrepolynomials(ALPs) at eachtimestep‘on
thefly”, thuseliminatingthe needfor theorder N3 storageencounteregvhenloadingthe ALPs
from memory Secondtheneedto storethe scalarderivativesof the ALPsis avoidedby taking
adwantageof a simplerelationbetweertheseandthe ALPsthemseles. Theimplementatiorof
the Legendretransformis cacheblockedin latitudeto ensurehatthe working arraysfit in the
cacheof eachprocessqgrandis unrolledto keepmemorytraffic low. Thecacheblockingenables
the high performanceof the modelto be maintainedeven at very high resolutions. Finally,
a one-dimensionatlomaindecompositiorandtranspositiorprocedurdas usedin latitudeand
wavenumbespaceahatensure®fficientload balancingamongprocessors.

Two versionsof the codearedescribedn this report: the shallov waterequationsandthe
dry, adiabaticprimitive equationspoth on a sphericaldomain. The codehasbeendesigned
to run in parallelusing a messageassinginterface (MPI). For eachsystemwe provide the
detailsof the numericalimplementatiorof the model,aswell asa descriptionof the parallel
implementatiorandtheloop structureandfile structureof the Fortrancodeitself. Finally, we
haveincludeda sectiondescribinghow to obtain,compileandrunthe code togethemwith some
testcaseresults.

2 Numerical details

Sincethe horizontalequationsand discretizationof the primitive equationsclosely resemble
thoseof theshallav waterequationsin this sectionandthroughoutthe maindiscussiorwill be
of theshallav waterequationsThedifferencesrisingin the primitive equationsaredescribed
asappropriate.

2a. Equations

(i) Shallav waterequations

Following Hack and Jalob (1992),the shallov waterequationson a sphericaldomaincanbe
formulatedin termsof absolutevorticity », divergences, andgeopotential = & + @' (where
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® is theconstanglobalaverageof ®) asfollows:
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Here,u = sin ¢, ¢ isthelatitude, ) is thelongitude ,anda is the planetaryradius. Thenonlinear
termson theright-handsidesaregivenby

A=Un,  B=Vn,
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whereU = ucos ¢, V = v cos ¢, andu andv arethezonalandmeridionalvelocitycomponents,
respectrely. Thevelocity V = (u, v) is relatedto n andé through

V =k x Vi) + Vy (2.2)

for a streamfunction) andvelocity potentialy satisfyingn = V2 + f andé = VZy, where
f = 2Qsin ¢ isthe Coriolis parameteand() is the planetaryrotationrate.

(i) Primitive equations

The primitive equationswith pressurep asthe vertical coordinatecanbe written in a similar
form in termsof prognosticvariablesy, 6, andthe potentialtemperaturd:
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andw = dp/dt is theverticalpressurevelocity. Thesystem(2.3)is closedusingthe hydrostatic
relationbetweend andd,
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andthe continuityequatiorrelatingw andé,
Ow
— = 2.
5 = 0 (25)

whereC, is the specificheatat constanpressure = (p/p;)*, is anauxiliary vertical coordi-
nate,p, is areferencesurfacepresurex = R/C, andR is thegasconstant.

2b. Horizontal discretization

Theshallov waterversionof BOB is a parallelversionof the shallov watermodeldescribedn
Hack andJalob (1992)incorporatingthe optimizationproceduresnentionedn the introduc-
tion. Theseproceduresredescribedn moredetailin this sectionandin section3 below, and
somedetailscanalsobe found in Rivier etal. (2002). We first outline the main ideasof the
horizontaldiscretizationfollowing HackandJalob (1992),to which the readeris referredfor
further details. Theseideasare commonto both the shallov waterversionandthe primitive
equationversionof themodel.

A physicalfield ¢ is transformedrom physicalspacento Fourier or latitude spaceusing
thediscreteFouriertransform:

I
1 .y
E" (1) =7 &N, me™, (2.6)
=1
wherethereare I zonal grid points locatedat longitudes);, and wherem is the Fourier
wavenumber The field is thentransformedfrom Fourier spaceto spectralspaceusing the
Legendretransformandassociatedlegendrepolynomials,P™:

J
&= & (uy) Pl (py)wj, (2.7)
7j=1
wherethereare J Gaussiaratitudesy;, with weightsw,;, andwhereP, is the Legendrepoly-
nomialof degreen.

Assumingé™(u) vanishesat the pole, the meridionalderivative of £ canbe representeth
spectrakpaceas

(5:), = 2,8"0) i 28



whereH" (1) is definedas

H () = (1= p*) 5" () (2.9)

Variouspropertiesof the associated.egendrepolynomialsP!" (1) canbe usedto limit the
memoryload of the model, which, for the P (1) and H™ (1) is order N* andbecomegpro-
hibitively highatveryhighresolutions First,thehemisphericatymmetryof the P,* meanghat
only half the J rangeis neededn thesumin (2.7),reducingthe storageequiremenby afactor
of two. Secondthe polynomials,H" (x) canbe computedat eachtimestepirom arelationship
involving P, (i) and P (1), andthusdo not needto be storedat all (Rivier et al., 2002).
Third, thepolynomialsP" (1) themselescanbe computedat eachtimestepfrom arecurrence
relationshipexpressingP™" in termsof P71, P, and P/™'. The storagerequirements
of the precomputed”’ (1) andothercoeficientsneededo initiate this recurrenceelationis
only order N2. Therecurrenceelationitself is numericallystable(Swarztraubgr1993),and
additionally eachcomputedvalueof P canbereusedor eachof thetermsappearingn the
right-handsidesof (2.1) and(2.3), resultingin anincreasecomputatiortime of only 16% for
the calculationof the spectrakoeficients.

2c. Vertical discretization

Theshallov waterequation$have no verticaldependencesothis sectiondealsexclusively with
the primitive equationversionof the model. For information on how to run an uncoupled,
multilevel stackof shallov waterequationsseesectiord below.

The vertical discretizationusedfor the primitive equationversionis a standard,second
orderfinite differencing,using pressuresthe vertical coordinate.For full details,the reader
is referredto Saraanan(1992). Thereare K + 1 “half-levels” dividing the vertical domain
[0, ps] into K arbitrary sub-intenals of width Ap, for £ = 0,..., K. The modelprognostic
variablesare definedat the “full-le vels”, which are the midpointsof thesesub-interals. The
verticalpressurevelocity w, onthe otherhand,is definedat the half-levels. Figurel illustrates
therelationshippbetweerthefull-levels,half-levels,andthelevel thicknessea\py.

The vertical dervativesappearingon the right-handsidesof (2.3) arein flux form. For a
flux Fyy1 = W 1Geqt, whereq representsneof U, V, or 6, andq‘k+§ = (qk+1 + qr)/2, the
verticalderivative of F' is definedatthefull-level & as

(a_F) _ By ey (2.10)
op ), Apy '

At theupperandlower pressurénalf-levels,theboundarie®f theverticaldomain thepressure-
velocity is setto Zero,w: = w1 = 0. Thisimpliesthatthe flux of any quantitythrought
thesesurfacesj.e. into or outof themodeldomain,is alsozero.
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Figurel: Sketchof theverticaldiscretizatiorof the pressurdevel versionof themodel.Levels
arein solid lines, half-levelsin dottedlines.

The choiceof boundaryconditionmeansthat the vertically integrateddivergenceis zero,
from (2.5), andsothe externalgravity wave modeis excluded. This impliesthatthe K diver-
genceson modelfull-levels, are not linearly independent.lt is thereforecorvenientto work
with the K — 1 Iinearlyindependerﬂuantities?k+% = (0x+1 — 6x)/2 definedoninteriormodel
half-levels.

Thehydrostatiaelation(2.4)is discretizedasfollows:

bp— @ _
“htl T Tk Oyl (2.11)
Cer1 — Cr 2
or, equvalently
(i)k—i—% == pék+%0_k+% (2.12)

where¢ = (p/p,)" is anauxiliary vertical coordinateandwhered, , 1 and(, , aredefined
analagouslyo SH%. This allows a matrix representationf &:

-

b =M, ;0 (2.13)

Wherec_j' = (qAH%, ces ,QK,%) denotesa column vectorof length K — 1 andwhere M is a
(K — 1) x K matrixdefinedby

—1CyGhy TR =k+10rk =4k,

(2.14)
0 otherwise

[M0—><i>]k,k' =



Similarly, thediscretizatiorof the continuity equationcanbewrittenin matrix form,
& = M;s_,,M;_ 40 (2.15)

where,M;_,, andM; s areK x K and(K — 1) x K matricesyespectiely, givenby

—App K <Kk,
[Mé—mz]k,kl = ‘ . (2.16)
0 otherwise

and

_ (2.17)

[M5—>5]Ic,k’ =

Theserelatively small“vertical” matricesare computedonceat the beginning of eachcal-
culationandthenstoredin acommonblock. The sameis donewith matricesarisingfrom the
decompositiorof the potentialtemperaturdield into referenceand perturbationcomponents,
neededor the semi-implicittime-steppingandfrom hyperdifusiontermsaddedto the right-
handsidesof (2.3) (seesections2d and 2e below). For further detailsof thesematricessee
AppendixA, andSaraanan(1992).

2d. Hyperdiffusion

For dynamicallyinterestinginitial conditions,equationg2.1) and(2.3) will typically exhibit
extremelyrapidformationof large gradientsn the vorticity andpotentialtemperatureleading
to smallscalefeatureshatarebeyondthe capabilitiesof the modelresolution.Horizontaldif-
fusion, or higherorderhyperdifusiontermsarethereforeaddedto the right-handsidesof the
equationdo stopthe cascad®f enstrophyto smallscalesandto renderthe solutioncomputa-
tionally well-posed.Thesetermsappeain the equationsn theform

o€

5=
whereé representgachof the prognosticvariables,(, 6, 8, or ®, andthe dotsrepresenthe
othertermson theright-handsidesof (2.1) and(2.3). Thecoeficient~ is choseraccordingio
thedynamicalproblemandthehorizontalgrid resolution.Theordern of thediffusionoperator
governsthe extentto which the diffusionis scale-selecte, acting preferentiallyon the small
scaledn the model. Thelargern the greaterthe scale-selectity, andthe lessimpactthe dif-
fusion hason the large scalefeatures.Typical valuesusedfor meteorologicabpplicationsare
n =1,2,3,4;n = 1 correspondso ordinarydiffusion.

Ve (2.18)



2e. Time stepping

Thetime steppingis a leapfrogschemdn which the termsassociateavith gravity wavesand
with the horizontaldiffusionaretreatedmplicitly. Full detailsof the semi-implicitschemecan
befoundin HackandJacol(1993)for thecaseof theshallov waterequationgandin Saraanan
(1992)for the caseof the primitive equations.For the purpose®f the semi-implicitscheme,
thepotentialtemperaturdield in the primitive equationss decomposeahto areferenceprofile,
6%, anddeviationsfrom this, ' = 6 — #%. The linearizationof the right-handside of the #
equationin (2.3)is thentreatedmplicitly, while theremainingnonlinearcontributionis treated
explicitly. Thereferencepotentialtemperaturaisedin the primitive equationversionof BOB
correspondso thatof anisothermakltmosphere.

Sincetheleapfrog schemegroducesa computationamode,a Robert-Asselirfilter is used
to dampit out. Both the semi-implicitleapfrogschemeandRobert-Asselirfilter arestandard
andwidely usedin thethis type of model.

3 Implementation

In this sectionwe describethe implementationof the numericalequationsdescribedn the
previous section. This includesa descriptionof the decompositiorof the physical, Fourier,

and spectraldomainsusedfor the parallelization,detailsof the Fortranloop structuresused
to cycle over the decomposedields in eachdomain,detailsof the transpositiorbetweenthe
Fourier spaceand spectralspacedecompostionand, finally, a descriptionof the filestructure
anddependenciesf the Fortrancodeitself.

3a. Domain decompositionfor parallelization

The domainis divided into subdomainsn the horizontaldirection only, thatis, thereis no
vertical decomposition.What follows in this subsectiorthereforeappliesequallyto boththe
shallov waterversionandthe primitive equatiorversionof BOB.

In the horizontaldirectionwe usea one-dimensionallecompositionThis is in contrastto
earlierwork on two-dimensionablecompostion®y Fosterand Worley (1994). Althoughthe
2D decompositiorallows for afiner graindecompositiorthis alsoresultsin considerablynore
network traffic, requiringexpensve low-lateng—high-bandwidtmetworks. The 1D decompo-
sition usedhereavoids this high network traffic andalsomakesuseof load balancingamong
processorsk-urther thedecompositions designedsuchthatthe memoryfootprint of eachpro-
cessoris small and canfit in the relatvely small L2 cacheof lessexpensve Pentium-based
clusters.



(i) PhysicalspaceandFourierspacedecomposition

In both physical spaceand Fourier spacethe domainis decomposeduchthat the latitudes
aredistributeduniformly over the processinglementgPEs);thereis no decompositionn the
zonaldirection. This meanghatthe fastFouriertransformgFFTs)are carriedout locally on
eachprocessar Sincethesethe FFTsare one-dimensionalthey fit easilyinto cache,even at
fairly highresolutiongdbeyondT341).

The physicaldomainis alsotiled to ensurethat the working set neededto computethe
nonlineartermson the right-handsidesof (2.1) or (2.3) fits easilyinto the memorycacheof
eachPE. An exampleof this tiling, andits relationto the latitudinal decompositionis shavn
in Figure 2, for the caseof a spectralresolutionof T42 (thatis, with 128 longitudesand 64
latitudes)using4 PEs. The latitudesaredistibuteduniformly over the 4 PEs,and,for a given
latitude,thelongitudesareall onthe samePE.

Theshadedectanglen thefigurerepresents singletile, of size(nlon x nlat). Thetiling,
or blockingsizeparameterslon andnlat arespecifiedn theheadefile dims.h (seesection3d
below), andare chosensuchthatthetile fits easilyinto the memorycacheof eachPE. For a
512kBL2 cachethe optimalblockingsizeis nlat = 4 andnlon = 8, but thesecanbe adjusted
for easyperfomanceéuningandportability.

Plat/2=32

2 8

PE3 |
1 7
2 6

PE2 |

T42

2 4 _—

PEXL | men=s
1 3
2 2

PEO |
1 1

je jeg ie=1,16 Plon=128

Figure2: Decompositiorof the physicalspace.

Theindicesje andjeg areshovn alongthelatitudeaxisin Figure 2. jeg is aglobalindex that
representghepositionin latitudeof aspecifictile. jeis anindex localto eachPEthatrepresents
the positionin latitudesof a tile on anindividual PE. For the spectralresolutionof T42 on 4
PEsusedin this example,eachPE contains2 latitudinaltiles. The figure shaws latitudesup
to plat/2, this beingthe size of the latitudinal array dimension. In physicalspacea separate
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loopis usedto cycle thetwo hemispheresn spectrakpacepnly half thelatitudinaldomainof

theassociatetlegendrepolynomialsis neededecaus®f thehemisphericasymmetry Again,

it is thetiling in latitude spacethat allows the working setof the Fourier coeficientsandthe

associatetlegendrepolynomials neededor the Legendretransform(2.7),to fit into thecache
on eachPE (seealsosection3c below).

The index ie is shavn along the longitudeaxis. It is a global index that representshe
positionin longitudeof a specifictile. For detailsof how thetiling shovn in Figure2 is im-
plementedn the Fortrancodeto loop over thewhole of physicalspace seethe physicalspace
loop descriptionin section3b below.

(i)  Spectrabpacedecomposition

In spectralspacethe domainis decomposeduchthat the zonalwavenumbersare distributed
over the PEs;thereis no decompositiorof the latitudinalwavenumber Unlike the latitudinal
decompositiorabove, a uniform decompositiorcannotbe usedefficiently, sincethe triangular
spectrakruncationwith a uniform decompositiomgivesrisesto anunbalancedoaddistributed
overthe PEs. To ensurea balancedoad (i.e. to provide roughly the sameamountof work to
eachPE)it is necessaryo pairzonalwavenumber$rom oppositeendsof the spectrum Thatis,
if M isthe highestwavenumberretainedn thetruncationthe decompositions appliedon the
pairing (M, 0), (M —1,1),...,(M/2,M/2+ 1) if M isodd,andontheparing(M,0), (M —
1,1),...,(M/2)if M iseven.

The distribution of the spectralcoeficients over the PEsis illustratedin Figure 3 for a
resolutionof T42 on 4 PEs(only the distribution for thefirst two PEsis shawvn). To distribute
roughlythesamenumberof spectrakoeficientsto eachPE,them coeficientsaregroupednto
chunksof “high” and“low” m coeficients. To savze memoryspacethespectrakoeficientsare
thenpacledin a single 1D structurethat containsall the (m,n) coeficientsfor every m. The
vectorscptr, of lengthM + 1 pointsto the correspondingositionsof thesecoeficientswithin
this 1D structure;thatis scptr(m) givesthe startingpositionwhereall the (m,n) coeficients
associatewvith thatmreside.Thevaluesof scptr(m) areshovn onthefigurefor selectedralues
of m.

Tableslaandlbbelown shav thedistributionof thelow (mch = 0) andhigh (mch = 1) zonal
wavenumbersrespecitrely, togethemwith the valuesof scptr(m) for all 4 PEsof this example,
andthe total numberof spectralwavenumberglistributedto eachprocessom eachof thelow
andhigh m chunks.Thetotal numberof spectrawavenumbersesidingon eachPE s thenthe
sumof thetwo totals,giving 263,263,239,and197wavenumber®n PEO,PE1,PE2,andPE3,
respectrely.



012345 37 e 42 6 s 11 31 . 36

—— High m coefs
~—— 254 scptr(39)
~—— 243 scptr(37)

249 scptr(38)

—~—— 203 scptr(33)

n n 219 scptr(32)
—~— 207 scptr(31)
High m coefs

[~ 108 scptr(9)

| =—— 73 scptr(8)
' 37 scptr(7)

“—<—— 0scptr(6)

| <——— 126 scptr(3)

| ' =—— 85 scptr(2)

|l <=——————— 43 scptr(1)

~—— 0 scptr(0) L ¢
OW m coers

\ Low m coefs

Figure3: Decompositiorof the spectralspaceandgroupingof the zonalspacento chunksof
highandlow zonalwavenumbers.

a mch=0, Lowm b mch=1, Highm
PE 0 1 2 3 PE 0 1 2 3
m= |05 6-11 12-16 17-21 m= |37-42 31-36 26-30 22-25
scptr(m) | 0 0 0 0 scptr(m) | 243 207 145 120

43 37 31 26 249 219 162 141
85 73 61 51 254 230 178 161
126 108 90 75 258 240 193 180
166 142 118 98 261 249 207
205 175 263 257

total | 242 206 144 119 total 21 o7 75 78

Tablel: Valuesof scptr(m) andthe numberof wavenumberstoredon eachPEin the example
of T42resolutionon4 PEs.(a) low m, (b) highm.
3b. Basicloop description

As an illustration of the domaindecompositionslescribedabove, it is usefulto considerthe
structureof the basicFortran DO loopsthat cover the whole physical,Fourier, or spectraldo-
mains.Examplesareagaingivenfor aresolutionof T42on4 PEs.
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(i) Physicalspacdoop structure

First considerthe physicaldomain. We wantto cycle over all latitudes,longitudes,and all
verticallevels (recallthatthe shallov waterversioncanbe run with plev uncoupledevelsand
thatstandardshallov waterhasplev = 1). Becauseof thetiling in latitudeandlongitude,the
loopsfirst cycle over thetiles andthenover the latitudeandlongitudewithin eachtile. Thisis
illustratedin the following sectionof codethat cyclesover all the grid pointsin the physical
domain:

do j eg=j ebeg(rank),jeend(rank) ! rank specifies a PE (between 0 and NPE-1)
j e=j eg-j ebeg(rank) +1
dx=(2.0d0*Pi )/ plonmax(jeg) ! tile |ongitude spacing
iptr=1
do ie=1,ielen(jegq)
do k=1, pl ev
do ins=0,1
do j=1,nlat2
do i=1,nlon

array(i,j,ins,k,ie, je)=0.0d0
lon(i,ie,je)=(iptr-1)*dx
iptr=iptr+l
end do
end do
end do
end do
end do
end do

Here,thelocal variablearray is setto zeroon eachPE. Theunionof all copiesof array onthe
differentPEscoversthe physicaldomain.Similarly, thelocal variablelonis setto thelongitude
oneachPE.

As shown in Figure 2, for the caseof T42 resolutionon 4 PEs,the global integer valued
variablegebeg andjeend take thefollowing values:

jebeg(0)=1 jeend(0)=2
jebeg(1)=3 jeend(1)=4
jebeg(2)=5 jeend(2)=6
jebeg(3)=7 jeend(3)=8;

The loop first runsover jeg, the latitudinal index of eachtile, thenover ie, the longitudinal
index of eachtile. Thusthesetwo loopscycle over all thetiles in thedomain. Thus,jeg is a
globalinteger valuedvariablethat providesthe latitudinalindex of eachtile, andis alsoused
to accesglobal arrayssuchasplonmax(jeg). In contrast,je is alocal integer valuedvariable
thatrunsover the numberof tiles in latitudeon anindividual PE. Similarly, ie is alocalinteger

11



valuedvariablethatprovidesthelongitudinalindex of eachtile on anindividual PE.Note that
the arrayvariableielem(jeg) hasthe samedimensionasthe numberof latitudinaltiles. Thisis
for the provision, in future modelrevisions,of a computationafrid thathasvaryingnumbers
of longitudepointsfor varyinglatitudes(typically fewer nearthe poles).In the presenversion
of the code,only a uniform rectaungulagrid is supportedand so the value of ielem(jeg) is
currentlythe samefor all jeg (definedin dims.h).

Theremainingoopsrunoververticallevel (k), thetwo hemisphere@ns), thelatitudewithin
eachtile (j) andthelongitudewithin eachtile (i).

(i)  Fourierspacdoop structure

To illustratethe loop structurein Fourier spacewe describen moredetailhow the associated
Legendrepolynomialsare calculated‘on the fly”. Below is the sectionof the codefrom the
subroutinespectral.F (seesection3d belav), whichis performedat eachtimesteeforecarry-
ing outthe Legendretransform.For eachFouriercoeficientmwe needto calculatehe N — m
polynomialsP!™ (1) asafunctionsof latitude.At this pointthelatitude-Fouriermodetransposi-
tion hasalreadybeenmadesothat Fouriermodesyatherthanlatitudes aredistributedoverthe
PEs.As describedor the spectrakpacedecompositionn section2aabove, the Fouriermodes
aregroupedn low modeandhigh modechunksto ensurdoadbalancingacrosghe PEsof the
subsequerdpectralrrays.

do nth=0, nchmax(rank) ! | oop over the chunks of m
do ioe=0,1 ! odd even index
i x=0 ! P nmenory pointer for conpute on fly

do jeg=1l,jeleny
call | oadal p(Pseed(1,0,jeg,ioe,nch),
P(1,0,ix,jeq),
nbeg( nch, rank) +i oe)
end do

do menbeg(nch, rank) +i oe, nend( ncth, rank), 2

do i pe=0, P_NODE-1
do j eg=j ebeg(i pe),jeend(i pe)
j e=j eg-j ebeg(i pe) +1

i f (mge.nbeg(nch, rank)+2) then
call genal p(P(1,0,0,]jeq),
genp(1, 1+vscptr(m),
i X,

m

c (1) call to analysis

12



end if

end do
end do
c (2) call to advance
c (3) call to synthesis
i x=1-1ix
end do I End | oop on m
end do I End | oop on ioe
end do I End | oop on nth

Here,themch loop runsoverthetwo chunks(high andlow) of Fouriermodescontainedn
eachPE,thatis, mchmax = 2 onall PEs.Theindex ioe allows the subsequerbop on Fourier
modesto be split into odd and even componenetspecessaryor efficientimplentationof the
ALP recurrenceelation,whichinvolves P™.* and P™!' coeficientson eachpass(seeRivier
etal.,2002,Equation(15)).

Beforethe recurrenceelationcanbe used,a subsetf the ALPs, the “seedvalues”,need
to beloadedinto the ALP arrayP(* ,* ,* *). Theseseedvaluesarecomputedonceonly during
the initialization phaseof the model (seesection3d below). The subroutineloadalp, called
separatelyffor eachlatitudinaltile indexed by jeg, loadsthe seedvaluesof the ALPs (Pseed)
into thearrayP(*,* * *).

Oncethe seedvaluesareloadedinto P, therecurrenceelationcanbe usedto calculatethe
remainingALPs. The mloop runsover the valuesof m locatedon eachPE, andis performed
separatelyor the high andlow modechunks,andfor oddandevenmodes.Within them loop,
theloopsover ipe andjeg togethercover all of tiles in latitudespace:P_NODE is equalto the
numberof PEs,andjeg cyclesover thetiles associateavith eachPE. Recallthat, at this stage,
the decompositiorover PEsis in Fourier space sothata horizontalarraylocal to a given PE
containsall thelatitudepointsanda subsef the Fouriermodes.For a given Fouriermodem
andlatitudetile jeg, genalpthencomputegheall the N — m Legendrepolynomialsassociated
with thatm, asafunctionof latitudewithin thattile, andsarestheresulting(n,latitude)depen-
dentarrayin P. This arrayis thenusedto performthe Legendretransform takingthe termsof
theequationdgrom Fourierspaceo spectrakpace.

Notethelocationof the callsto analysis advanceandsynthesiswithin the samem loop.
The subroutineanalysis performsthe Legendretransform,the subroutineadvance performs
thetimesteppingf the spectrakoeficients,andthe subroutinesynthesisperformsthereverse
Legendretransformbackto Fourierspace.Thusthe entirespectralpart of the timesteppings
unrolledwith respecto Fourierwavenumber Further becausehe domainis tiled in latitude,
andseparateallsto analysisandsynthesisfor theforwardandreversel egendretransformare
madefor eachtile, eachof theseroutinesusesonly a subsebf the ALP arrayP andthis subset
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is likely to remaincacheresidenthroughoutachcall.

(i)  Spectrabpacdoop structure

Finally we considerthe loop over spectralspace,using as an examplethe call to advance
(labelled(2) in the Fourier spacdoop illustratedabove) wherethe timesteppings performed.
Thefirst partof theloop over spectralspacehasthe samestructureasthatover Fourier space:
threeloops(overmch, ioe, m) fix thevalueof m. As notedaborve, this allowstheentirespectral
partof themodel,comprisingheforwardLegendrdaransformthetimesteppingandthereverse
Legendretransform,to be placedwithin the samesingleloop over Fouriermodesasthatused
for the calculationof the ALPs.

Within the Fourier spacdoops,the pointersnlt_p andsc_p areusedto point to the correct
positionwithin the 1D arraysthatcontain respectrely, thespectratoeficientsof thenonlinear
terms(nltsc) andthe prognosticvariablesat the currentand previous timestep(sc andscml).
Thesubsebf thesearraysdefinedby the pointersarethenpassedo the subroutineadvance

do nth=0, ntchmax(rank)
do ioe=0,1
do menbeg( nth, rank) +i oe, mend( nch, rank), 2

(0) call to genalp
(1) call to analysis

nlt _p=1+2*pl ev*nnl t*vscptr(m
sc_p =1+2*pl ev*nsp*scptr(nm
for_p =1+2*pl ev*scptr(m

call advance(nltsc(nlt_p),
sc(sc_p),
scml(sc_p),

eps(l+vscptr(m),
m

c (3) call to synthesis

end do ! End loop on m
end do ! End | oop on ioe
end do ! End | oop on nth

In the subroutineadvance theselD arraysare declaredas multi-dimensionalarraysin
which the separatadimensionsrepresenthe vertical levels (k = 1,... , K), the latitudinal
wavenumbern = m, ..., N), thetype of nonlineartermor prognosticvariable(nnlt or nsp),
andthe real or comple partof the coeficient (ic = 0,1). Seethe sectionof codelisted be-
low. Notethat,althougheachspectrakoeficientis acomplex number it is treatedastwo real
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numberdor moreefficientarithmetic. Thus,ic = 0 correspondso thereal partof the spectral
coeficientandic = 1 correspondso theimaginarypart. The pointernnlt refersto the differ-
entnonlineartermsA, ... , F, appearingn the right-handsidesof (2.1) and(2.3), while the
pointernsp refersto the prognosticvariables(, 4, andf or .
subrouti ne advance(nltsc,

SC,

scm,

eps,

m

INT m

REAL nltsc(0:1,nnlt, mnn+l, plev)
REAL sc(0:1, nsp, mnn, pl ev)

REAL scml(0: 1, nsp, mnn, pl ev)
REAL eps(m nn+1)

do k=1, pl ev
do n=m nn
do ic=0,1
vorterm= wwnltsc(ic,a_p,n, k) + ..
enddo
enddo
enddo

It is alsopossibleto passforcing functionsto thetimesteppingubroutinan the sameman-
nerasthe nonlineartermsandprognosticvariables.For example,this is donein the primitive
equationversionof the codeto include Newtoniancooling and Rayleighfriction termsin the
modelequationsassimple parametrizationsf atmospheridorcings. This allows the simula-
tion of realisticatmospheridlows suchasthat usedfor the Held and Suarez1994)testcase,
describedn sectiordb belov. For example to allow for Rayleighfriction, anadditionalpointer
for_p is usedthat pointsto the correctpositionin the arraysforvorsc andfordivsc, which are
passedo advanceasbefore:

for_p =1+2*pl ev*scptr(n

call advance(nltsc(nlt_p),
sc(sc_p),
scml(sc_p),
forvorsc(for_p),
fordivsc(for_p),
eps(l+vscptr(m),
m

andin advancethesearraysareredefinedo have thefollowing structure:

REAL forvorsc(0: 1, mnn, plev)
REAL fordivsc(0: 1, mnn, plev)
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3c. TranspositionAlgorithm

As describedn section3a,the parallelizationusesa one-dimensionalecompositionn which
the latitudesof the physical/ourier spacevariablesandthe longitudinalwavenumbersf the
spectralspacevariablesaredistributedover the PEs. For the Fourier transformstagebetween
physicalandFourier spacethe latitudesaredistributed over the PEsso thatthe transformre-
quiresonly local operationssummingoverlongitudesasin (2.6). OntheotherhandthelLegen-
dretransformbetweeriFourierandspectrakpace(2.7), requiresasummatiorovertheGaussian
latitudesy;, andthereforeis mostefficient whenthe latitudesareall storedliocally on eachPE
andthelongitudinalwavenumbersn aredistributedover the PEs.Betweerthe Fourierandthe
Legendretransformat is thereforenecessaryo transposdetweena decompositiorover lati-
tudespaceandoneoverlongitudinalwavenumberThetwo decompositionandthedirectionof
thetranspositiorbetweertheforward FourierandLegendretransformsareillustratedin Figure
4,

To avoid a high volume of network traffic andthe possibility of consequentonflicts,the
transpositions carriedout in stagesFigure5 illustrateshow the datais movedaroundduring
thetranspositiorwhentherearefour PEs. Thefour columnsin eachmatrix representhe data
presentlocally on the four PEs. At the beginning of the forward transpositiorthe latitudes
aredistributedalongeachrow (distributedover the PEs)andthe Fouriermodesaredistributed
alongeachcolumn.

The zerothstageshaws the dataon the diagonalstayingin placefor the transpositionThe
PEsarethenpairedtogetherasindicatedby the arrovs andthe datais swappedbetweerpaired
PEsusinga call to the MPI routinempi_sendrecv. This pairing and swappingis performed
NPE —1 timeswhereNPE equalsthe numberof PEs;thuseachPE exchangedatawith all
others.After NPE —1 stageghetranspositions completeanddatathatwaslocal to onePEis
distributedover the otherPEs. At the end of the forward transpositiorthe Fourier modesare
distributedover eachrow (distributedover the PEs)andthe latitudesaredistributedover each
column.A similar procedures usedfor thereversetransform.

Fourier space before Fourier space after
Hj the transposition m the transposition
A I\
PE1 transpf.F PE1
PE2 PE2
PE3 PE3
PE4 - PE4 -

Figure4: Distribution of the 2D Fourier spaceover the PEs. The arrow indicatesthe forward
transposition.
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X X
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X X)) X X | < <
x| < X [ ] %
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Figure5: Transposition.

The methodof pairwisetranspositiorover NPE —1 stagedimits the numberof messages
presentn the network at any onetime andthuslimits conflictswhich would otherwiseslow
down thetranspositiorprocess.

3d. Fortran implementation and filestructure

To summarizethe foregoing, the structureof the the main time steppingloop compriseshe
following mainstages:

e calculationof thenonlineartermsin physicalspaceattime ¢
e forwardFouriertransform

e transposition

e forwardLegendretransform

e calculationof the prognosticvariablesattimet + At

e inverseLegendreransform

e transposition

e inverseFouriertransform

In addition,the mainBOB programhasaninitialization stagethatsetsup the arrays reads
in the Gaussiargrid andtheinitial conditions,andconstructdhe verticalmatrices(in the case
of the primitive equations) The Gaussiamgrid andinitial conditionsthemselesareconstructed
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genini.F initmp.F

gridfile.F

initsht.F

initscg.F tzstruct.F, verini.F
initvordiv.F/initphi.F/inituth.F/initpert.F
physical_to_spectral.F
sc_pgather.F
writereal.F

Figure6: Theexamplecalling for the codegeneratinghe executablegenini.F. Theexactform
of callsfrom initscg.F depend®n the particularinitial conditionbeinggeneratedThe callsto
tzstruct.F andverini.F areonly presenin the primitive equatiorversion.

by runningtwo otherprogramswhich arecompiledandrun separately Therearethusthree
separat@rogramghatareinvolvedin runningthe model:gengrid.F, which generateghegrid,

genini.F, which generategheinitial conditions,andthe main BOB programitself, whichinte-

gratestheinitial conditionforwardin time. Thesethreeprogramsandtheir subroutinedepen-
denciesaredescribedn this section.

Thefirst programgengrid.F, calculateshe Gaussiamatitudesandweightsandwritesthese
to afile thatis readsubsequentlpy theotherprogramsThemaincalculationtakesplacein the
subroutingpgaqd. Thewhole programis runseriallyon asingleprocessarlt needonly berun
oncefor agivenhorizontalresolution.

The secondprogram,genini.F generateshe initial condition. It calculatesthe spectral
coeficientsof thethreeprognosticvariables(, 6, ® (or # in the caseof the primtive equations)
andwritestheseto a singleinitial conditionfile. This programis runin parallel,makingfull
useof thedomaindecompositiormndotherfeaturesof the mainmodel(mostof thesubroutines
involvedin calculatingthe spectrakoeficientsof the prognosticvariablesaresimply borroved
from themainBOB program).

Figure6 shavs the calling treeof genini.F. Thefirst call, to the subroutinenitmp.F, per
formsthe MPI initialization requiredfor communicatiorbetweerthe differentPEs. The sub-
routinegridfile.F thenreadsin the Gaussiardatitudesandweightsandbroadcastsheseto all
the PEsasglobal variables. Theseglobal latitudinal variablesare thendecomposeaver the
PEsaccordingto thetiling proceduredescribedn section3aby the subroutingnitsht.F. This
subroutinealsoinitializestheweightsrequiredfor the Fouriertransformandthe seedsequired
for therecurrenceelationthatcomputeghe Legendrepolynomials.

The subroutineinitscg.F hasa variety of dependenciesaccordingto the versionof the
model. In the primitive equationversioncalls are madeto the subroutinedzstruct.F and
verini.F, which initialize the vertical structure.Theseareabsenin the shallov waterversion.
Dependingon the type of initial conditionrequired,a combinationof initv ordiv.F, initphi.F,
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main.F | initmp.F
tzstruct.F getinputs.F
initmodel.F — | gridfile.F
verini.F initsht.F
initforsc.F initfile.F | startsht.F| initsc.F
i spectral_to_fourier.F

Ready to start the loop over time ...

Figure7: Callingtreefor themainBOB duringtheinitialization stageup to theloop overtime.
Thecallsto tzstruct.F andverini.F areonly presenin the primitive equationversion.

inituth.F andinitpert.F initializesthethreeprognosticvariablesin physicalspace Finally the
subroutingphysical to_spectral.Ftransformghesefieldsinto spectralspaceandsc pgather.F
gatherghefieldson onePEfor outputto file usingwriter eal.F.

Thethird programis the main BOB model,which doesthe time-steppingandoutputsvar-
ious diagnosticfields. The calling tree of this programcanbe cornvenientlydivided into two
main sectionsgdescribingthe initialization andtimestepping Figure7 illustratesthe modelup
to the point wherethe loop over time starts. Figure8 describeghe maintime-loopwherethe
equationsare“advanced’in time.

As in thecaseof genini.F, theMPl initializationis donefirst with a call to initmp.F . Thisis
followedin theprimitive equatiorversionwith a call to tzstruct.F whichinitializesthevertical
temperaturg@rofile.

The main part of the initialization then begins with initmodel.F. Within this subroutine,
getinputs.Freadsthe input namelistin bobx.in, which containgthe filenameof theinitial con-
dition, the total numberof timestepgo be computedthetimestepength,the frequeng of the
diagnosticoutput,etc.,andbroadcastshis informationto all the PEs. The Gaussiaratitudes
andweightsarethenreadin andbroadcasby thegridfile.F, afterwhichinitsht.F decomposes
thelatitudesover the PEsandinitializesthe variousweightsandseedsequiredfor the Fourier
andLegendretransforms.

The subroutingnitfile andits dependenciedealwith theinitial conditions.In startsht.F,
initsc.F readsthe initial conditionfile (the outputfrom genini.F) which containsthe spectral
coeficientsof the prognosticvariables.The subroutinespectral to_fourier.F thentransforms
theseinitial spectrakoeficientsinto Fourierspaceo bereadyto starttheloop overtime.

Finally, in the caseof the primitive equationversion,the subroutineverini.F computesall
the“verticalmatrices’whichresultfrom theverticaldiscretizatior{(following Sarvanan,1992;
seealsoAppendixB) andinitf orsc.Fcomputeshespectrakoeficientsof theforcingterms(for
example thermalrelaxationandsurfacefriction).

Figure8 shavsthecalling treeof BOB duringthetime loop. Themainpartof thisloop, in-
volving thesubroutinesht.F, is dividedinto four stagesAt thebeginningof theloop, the prog-
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main.F | sht.F fourier.F rfftb.F
output.F transpf.F bldnlt.F
timeadvance.F spectral.F rfftf.F
transpb.F

zeroreal.F

loadalp.F

genalp.F

analysis.F
advance.F% blduv.F
synthesis.F

Figure8: Calling treefor the mainBOB programcodeduringtheloop overtime.

nosticvariablesandvelocity fields ¢, §, ®, U, V arein Fourier space with latitude distributed
over the PEs. Thefirst stageof theloop, fourier.F, transformghesefields from Fourier space
to physicalspace calculateghe nonlinearterms, 4, ... , F' in physicalspace andtransforms
thenonlineatermsfrom physicalspaceo Fourierspaceusing,respectrely, rfftb .F, bldnlt.F,

andrfftf .F. Throughouthis stagethe latitudesaredistributedoverthe PEssothattheforward
andinversereal FFTscanbedoneon asinglePEfor awholelatitudinalcircle.

Sincethe Legnedretransformfrom Fourier spaceto spectralspacerequiresa summation
overthe Gaussiaatitudes beforethis stagecanbe performedhe decompositiorof thearrays
over the PEsmustbe rearrangedo thatall latitudessit locally on eachPE. Thus,the second
stagetranspf.F, performsatranspositiorirom alatitudespacedecompositiorio alongitudinal
modedecompositionasdescribedn section3c. At the endof this stagethe fieldsarestill in
Fourierspacebut with the Fouriermodeddistributedoverthe PEs.

The third stageof the time loop involves all the operationsin spectralspace,including
the time steppingof the prognosticequationsandis containedin the subroutinespectral.F.
Firstthe Legendretransformsareperformed:oadalp.F loadsthe seedvaluesof theassociated
Legendrepolynomialsthat are then usedby genalp.Fto generatethe Legendrecoeficients
“on the fly” asdescribedn section3b. By not storing the entire setof ALPs in memory
this procedureallows BOB to be run at high resolutionwith a low memoryfootprint. The
Legendretransformitself is calculatedin analysis.FE this transformis essentiallya matrix-
vectormultiplicationfor eachFourier mode,summingover all the gaussianatitudes. Having
the Fouriermodedistibutedoverthe PEsthereforeallows efficient parallelizationof this stage.
After analysis.F, all thefields 4, ... , F' arein spectralspace. The subroutineadvance.Fis
wheretheactualleapfrogtime-steppindakesplace.The“new” spectratcoeficientsattimet +
At arecomputedusingthespectrakoeficients A, ... , " aswell asthespectratoeficients

20



of the prognosticvariables((, 6, ®) attime ¢t andt — At. At theendof advance.F, a call to
blduv.F computeghe wind field from the vorticity anddivergencefields (seeHackandJalob
(1992)). The subroutinesynthesis.Fperformsthe inverseLegendretransformson the new
prognosticvariablesandwind field attime ¢ + At.

We arenow backin Fourier spacewith the Fouriermodesm distributedover the PEs. The
fourth stage,transpb.F, transposeshe fields so that the latitudesare againdistributed over
the PEs. Thus,whenthe programreturnsto fourier.F the arraysaredistributedsuchthatthe
inverseFFTscanbedoneoverall longitudesn the transformatiorbackto physcialspace.The
full cyclein thetime-steppingrocesss now complete.

At eachtimestepacall to output.F computesandoutputssereraldiagnostiqquantities Note
thatwhenoutputtingvariablesn physicalspacethe prognostidieldsusedarethosecomputed
beforethe last call to advance.F, thatis, beforethe last time-step. For this reasonan extra
timestepthanthe numbermrequesteds alwaysperformedat the of theintegration. All outputis
serialsothefieldsarefirst gatheredntheroot PEbeforebeingoutput. Finally, Timeadvance.F
is the subroutinewvhich updategime asthetimestepsaretaken.

4 Obtaining and running the software

Thesourcecodefor theshallov waterandprimitive equatiorversionsof themodelareavailable
separatelyrom http://www.scd.ucaedu/;filesswbohtar.gzandpebohtar.gzrespectiely. Af-
ter unzippingandunpackinghesearchveshave thefollowing directorystructure:

bob ---> bin
grids
post proc
ics
j obs
run
src
t est

Hereandin whatfollows, we usebob to denotethe main directory;thatis bob is written
for swbobor pebol accordingto which versionof the modelis used. The sourcecodeitself
is in thedirectorysrc. Thedirectoryrun containgherun scriptsusedto compilethe codeand
launcha modelintegration. The modelis run in, andthe model outputis written to, a job-
specificsubdirectoryof jobs. Filescontainingtheinitial conditionsandthe Gaussiargridsare
storedin icns andgrids, respectrely, and are createdautomaticallyby the grid initialization
scripts. The postproc directorycontainsa supportprogramto corvert 2-D BOB binary output
filesto 2-D netcdffiles.

In additionto the descriptionof therun scriptsin the following sectionthe README files
thatunpackwith themodelinto themainbob directoryprovide furtherdetailsof how to runthe
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modelwith varioustestcasesTheseestcasesaredescribedn sectiondb below.

The codeis written usingthe FORTRAN 77 subsetof Fortran 90, with include files and
namelistinput parametersThe messag@assingusesMPI for interprocessocommunications.
Fortran 90 featuressuchas dynamicmemoryallocationand array syntaxnotationhave been
avoidedasthesehave introducedperformancegroblemsn the past. The Fouriertransformsare
carriedoutusingFFTFACK 4.0 (Schwarztrauberl1982).

4a. Description of the run scripts

In therun directorytherearethreerun scriptsto generatéhe Gaussiargrid, theinitial condi-
tions, andto launcha modelintegration. In eachof theserun scripts,variousparametersieed
to be definedto determinethe resolution,integrationlength,job name,etc. To run the model
for thefirst time, therungrid, runic, andrunbob scriptsshouldbe configuredandexecutedin
ordetr

(i) _rungrid

Beforethe codecanberun, the Gaussiargrid for the appropriateesolutionmustfirst be gen-
erated(one needsto do this only oncefor a givenresolution). Setthe spectralresolutionus-
ing the variableres in the run scriptrungrid (e.g. T170,T341, etc.). Now executethe script
rungrid: this compilesand builds the executablegridx usingthe Makefile in bob/src/grid.
The executablecalculateghe Gaussianatitudesandweightsandoutputsthesein the grid file
GRID.Tres, whereres is the spectralresolution. This grid file is thenmovedto the directory
bob/grids.

(ii) _runic

Oncethe grid hasbeengeneratedthe initial conditioncanbe computedusingthe run script
runic. Again, setthe spectralresolutionin the run script, aswell asthe numberof vertical
modellevels, plevt, andthetype of initial condition,icn (dependentn the particulartest-case
or integrationto bedone).Now executethescriptrunic: thiscompilesandbuildstheexecutable
inix, usingthe Makefile in the appropriatacn-dependensubdirectoryof bob/src/genini. The
executableis launchedusing LoadLevelerif the scriptis runningon AlX, or run directly on
MacOSX.

The executablecalculateghe spectrakcoeficientsof theinitial conditionon the prognostic
variablesandoutputsthesein thefile icn.TresLplev.ini, whereicn, res, andplev areasdefined
in runic. Thisfile is thenplacedin thedirectorybob/ics

1The parameteplev mustbe setevenfor the shallav waterequations:by settingplev > 1, it is possibleto
run the shallav water equationsn an uncoupled,stacled, multilevel mode,whereplev definesthe numberof
uncoupledayersto berun. Settingplev = 1 givesthe usualsinglelayershallov watersystem.
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Note that the only horizontalresolutionparametethat needsto be setis the spectralres-
olution. The numberof longitudes plon is determinedrom the spectralresolutionin the run
scriptsandplacedn theincludefile, params.h. Fromthis numberotherdimensionssuchasthe
numberof latitudesplat, arecomputedn dims.h. Many dimensiononly involve plat/2, taking
adwantageof the hemisphericafymmetryof the associated.egendrepolynomials(ALPS) as
discussedh Rivier etal. (2002).In settingthenumberof longitudespneneeddo keepin mind
thatthe numberof latitudesdivided by 2: plat/2 mustbe divisible by nlat2 sothatthetiling in
physicalspacecanbedonecorrectly(seedetailsof thetiling in section3aabove).

In additionto theinitial conditionfile createdn bobl/ics the scriptrunic alsocreatesa job
directoryjobnamein bob/jobs, wherejobname = label.icn. TresLplev.ic, for someidentifierla-
bel definedn runic. Theexecutablenix is runin thisjob directoryandthefollowing diagnostic
filesarecopied/generateithere:

runic: acopy of therunscript,
inix.out:  an outputfile containingvariousWRITE statement$rom the code
(standardut),
mpi.err, mpi.out:  errorandoutputfiles generatedhy MPI,
proclog.PE#: output files usedfor dehugging purposes,containinginformation
from eachprocessingelement{PE).

(i)  runbob

Oncetheinitial conditionis generatedpnecanrun the maincode. Setthe variousparamters
in therun scriptrunbob to definethe resolution lengthof integration,timesteptype of initial
condition,numberof nodesgtc. Theseparameterareusedto createa namelistin aninputfile
bobx.in thatis readby the main program. Executingthe scriptrunbob createghis input file,
compilesand builds the executablebobx usingthe Makefile in bob/src/model/ and submits
the executableto the batchqueueusingllisubmit on AIX or runsit directly on MacOSX. The
executablerunsin the job directorybob/jobsfabel . XX. TresLplev. Similar diagnosticfiles as
thosefor runic listed above are outputin this directory In addition,variousmodelfields and
physicalquantitiescomputedduring the courseof the integrationarealsooutputin this direc-
tory. Seethe README files providedwith the modelarchve for detailsof thefieldsoutputin
thevarioustestcases.

(iv) Interactve job submission

Thetwo run scripts,runic andrunbob describedabove, run the modelusingthe LoadLeveler
batchsubmissiorprotocolthatmaybe machinespecific.For testinganddevelopmenpurposes
we have includedtwo interactve scriptsrunic_interactive andrunbob_interactive thatareiden-
tical to runic andrunbob exceptthatthey exit afterthe compilationof the codeandthecreation
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Figure9: Relatve vorticity after160hoursfor theshallov waterbarotropidnstability testcase,
with aresolutionof T341. Contourintervalis2 x 107° x (..., —3,—1,1,3,...) andnegative
contoursaredashed(Fromthe outputfile bti. T341.z.0040.)

of the job directory For example,an interactve PBS sessioncanthen be launchedusing a
commandsuchas

gsub -1 -l nodes=4: ppn=2

following theinstructionsssuedby the interactve script.

4b. Testcasesolutions

() Shallav waterequations

To provide a meansof verifying the correctinstallationof the code,we provide testcaseghat
can be computedand checled againstknown solutions. The first of these,for the shallov
waterequationversion,describeghe evolution of a zonaljet from a perturbed paroclinically
unstablenitial condition. Full detailscanbe foundin Galevsky etal. (2003). The modelis
run for 10 daysfor a fixed value of the diffusion coeficient, andthe resolutionis increased
systematicallyuntil the solutionhascorvergednumerically The vorticity field after 160hours
of this corvergedsolutionis shovn in Figure9.

To run the barotropicinstability testcase the variableicn is setto icn = bti in the scripts
runic and runbob. The horizontalresolutionand the length of the timestep(as numberof
timestepger day) shouldbe setin conjunction,the timestepdecreasingor increasingreso-
lution to satisfythe CFL condition. Typical valuesfor the pair (res, tstd) are(21,36),(42,72),
(85,144),(170,288),341,576).The total numberof modeldaysto be run canbe setto ndays
= 10. Finally, the orderof the diffusioncanbe setto delorder = 2, for ordinarydiffusion, or
delorder = 4 for scale-selecte hyperdifusion. Having setthe orderof thediffusion,anappro-
priatediffusioncoeficientis setautomaticallyin the script. Thevalues(res, tstd) = (341,576),
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ndays = 10, anddelorder = 2 wereusedto produce9, the datafor which is outputin thefile
jobname.z.dddd. Also outputfrom the modelarethe geopotentiaheightanddivergencefields,
in thefiles jobname.t.dddd andjobname.d.dddd, respecitrely.

(i) Primitive equations

Finally, we provide brief detailsof how to runtwo testcasewith the primitive equatiorversion
of BOB. Thefirst of thesds abaroclinicallyunstablanitial valueproblempresentedh Polvani
etal. (2004).Theseconds theHeld andSuarez1994)climatology

A particulartestcases selectedy settingthevariableicn in the scriptsrunic andrunbob:
icn = ps corresponds$o Polvani etal. andicn = hs correspond$o Held-Suarezin additionit
is necessaryo definetstd, the numberof timestepgerday, plevthe numberof verticallevels,
ndaysthenumberof daysto beintegrated anddel order, theorderof thehyperdifusionoperator
usedto preventenstrophybuild up atthesmallscales.

For the Polvani et al. test casetstd should be set accordingto the spectralresolution
res. Specifically the pair (res, tstd) cantake the values(21,36),(42,72),(85,144),(170,288),
(341,576).Thatis thetime-stepshouldbe halvedfor eachdoublingof thehorizontalresolution.
The numberof vertical levels canbe chosento be ary reasonableumber with 20 beingthe
default. The orderof the hyperdifusioncanbe chosernto be 2 or 4. Accordingto the defini-
tion delorder the diffusioncoeficientis setto the appropriatevalueto reproducehe resultsof
Polvanietal. (2004).

For a list of all the diagnosticfiles producedduring the integration of this testcase,see
the fle README_psin the modelarchive. Amongthe diagnosticsarefiles of the form job-
name.z.dddd, containingthe relative vorticity field in the whole domainon eachof the days
dddd. Figure 10 shawvstherelative vorticity atthelowestmodellevel of the Polvanietal. test
casewith delorder = 4, ata spectrakresolutionof T341,with 20 verticallevelsafter 10 daysof
integration.

For the Held-Suarezestcasethe valuesof the variablesthat needto be setare: (res, tstd)
= (42,72); delorder = 8; plev = 20, andndays = 1200. Among the diagnosticfields output
from this integration(again,seethe README _hsfor afull list) arethe zonalaveragesof the
zonalvelocity andpotentialtemperaturdieldsin thefiles jobname.u.zarg andjobname.t.zarg
respectrely. Thesequantitiesare definedat the Gaussiaratitudes,the modellevels, andon
eachday To reproducehecorrespondindigurefrom Held andSuarez1994)thetime average
of thesefieldsis takenover thelast1000daysof theintegration,discardingtheinitial 200day
spin-upperiod. Thesefieldsareshovn in Figurell.
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Figure10: Surface(975 hPa) relative vorticity at day 10 for the primitive equationbaroclinic
instability test case,with a resolutionof T341 with 20 vertical levels. Contourintenal is
2 x 107° x (...,—3,-1,1,3,...) andnegative contoursare dashed. (From the outputfile

ps.T341L20.2.0010.)
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Figurell: Time averagedandzonallyaveragedzonalvelocity andpotentialtemperaturerun at
T42 with 20 equallyspacedoressurdevels. Time averageis over thelast1000daysof a 1200
dayrun. Contourinterval for z is 4 m/s, negative contoursdashedgontourinterval for 8 is 5 K.
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Appendix A — The Vertical Matrices

In additionto the matrices,M, .4, M;_,,, and M;_ ; definedby (2.14), (2.16) and(2.17),
usedin the discretizationof the hydrostaticand continuity equationsyariousother“vertical”
matricesareusedin the formulationof the primitive equationversionof the model. For com-
pletenesstheseare definedhere. Full detailsof thesematricesandtheir constructioncan be
foundin Saraanan(1992).

The (K — 1) x K matrix M;_, ; definedby (2.17)hasageneralizedeft inversel; . ; with
thepropertyM; ,;M; ., = I,wherel isthe(K —1) x (K —1) identitymatrix. The K x (K —1)
matrix M,_, ; canbewritten as:

if &' =k,
[M6—>8]k,/g' =94+ ifk'=Fk+1, (4.1)
0 otherwise

N[ N

This matrix is usedto calculatethe half-level valuesof a prognosticquantitysuchasthediver-
gencedefinedon full levels.

Two othermatricesarisefrom the separatiorof the potentialtemperaturdield into arefer
enceprofile %(z) anddeparture’ = § — 6%. This separatioris neededor the purpose®f the
semi-implicittime-steppingschemewhich treatstermsassociatedavith gravity wavesimplic-
itly andthenonlineartermsexplicitly. Thus,wedefinea K x (K — 1) matrix M,,_, 5, indicating
the operationfrom w to the linearizationaboutf(z) of the nonlineartermsappearingon the
right-handsideof thelastequationin (2.3). This matrix hastheform

68 |
2 fK=kork=k—1

(Moo bl = Ao 7 (4.2)
0 otherwise

To allow for the calculationof theselineartermsdirectly from the density the K x K matrix
M;_, ; is thendefinedasthe matirx productM;s_,; = M,z M;s_,,. Similarly we definethe
K x K matrix My_, asthe matrix productMy_, = M; M, ;. This allows the direct
computatioron modelfull-levelsof the V2® termin theright-handsideof the middleequation
in (2.3).

A final setof verticalmatricesarisefrom theimplicit treatmenbof the hyperdifusionterms
addedo theright-handsidesof (2.3). First, we definethefollowing (implicit) diffusionfactors:

2

nq—1
e — [1 + a2Aty, (v2 n %) } (4.3)

%o = [1 4 a2Aty V] (4.4)

where0 < o < 1 is theimplicitnessof the schemg= 0 for explicit), At is thetime step,n is
the orderof thehyperdifusion,and-, and~, arethe hyperdifusioncoeficients. Theterma/2
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in (4.3)representa correctionappropriateo diffusionon asphereof radiusa, andensureshat
astateof solid-bodyrotationis notaffectedby thediffusion. We thendefinetwo further K x K
matriceshy

corr . ,corr -1 corr
Mimpeor1 = M [I — (Q2At)? TS VQMH_@Ms_)H} M;_ e (4.5)

—b u

MimpcorZ = Mimpcorlfygorrv2M9—><I> (O[QAt) (46)

whereM;_, ., = M;s_,zM;_ ;. Becauseghesematricesareoperatorsn spectralspacegbecause
of theLaplacians}hey alsodependn spectralwavenumber

All theabore matricesaredefinedin the subroutineverini.F. Of thesethe matricesiM;_, y,
Mo 5, Mimpeor1, and M;,qor2 @areusedin the time-steppingsubtroutineadvance.Fandare
storedin the headeffile vertstruct.h. Thefollowing list indicatesthe correspondendeetween
the Fortranvariablenamesn the programandthe matricesdefinedabove:

d2dcap M

— 636
dcap2d - M,
d2w — M;s_,,,
w2tt — —M, g
t2gpcp — Mg .4
d2tt — —M;_ g
nnt2dt — M5—>6M®—><i> = Mg_ss
impcor — Mimpeort
impco2 — Mimpeore
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