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1 Intr oduction

This documentprovidesa usersguideanddetaileddescriptionof the Fortranimplementation
of BOB (Built On Beowolf). BOB solves the shallow water equationsand dry, hydrostatic
primitiveequationsin pressurecoordinatesonasphericaldomain.It hasbeendesignedwith the
intentionof providing anefficient spectralimplementationof the shallow waterandprimitive
equationsthatcanberunontheinexpensivecommodityclustersthatarebeingusedincreasingly
asanalternative to highperformancecomputers.

A commonproblemencounteredonsuchclustersis thelimited cacheandmemorysizes.To
overcomethis limitation, BOB makesuseof severaloptimizationtechniques.First,a recursion
relationis usedto calculatetheassociatedLegendrepolynomials(ALPs) at eachtimestep“on
thefly”, thuseliminatingtheneedfor theorder !#" storageencounteredwhenloadingtheALPs
from memory. Second,theneedto storethescalarderivativesof theALPs is avoidedby taking
advantageof asimplerelationbetweentheseandtheALPsthemselves.Theimplementationof
theLegendretransformis cacheblockedin latitudeto ensurethat theworking arraysfit in the
cacheof eachprocessor, andis unrolledto keepmemorytraffic low. Thecacheblockingenables
the high performanceof the model to be maintainedeven at very high resolutions. Finally,
a one-dimensionaldomaindecompositionandtranspositionprocedureis usedin latitudeand
wavenumberspacethatensuresefficient loadbalancingamongprocessors.

Two versionsof thecodearedescribedin this report: theshallow waterequationsandthe
dry, adiabaticprimitive equations,both on a sphericaldomain. The codehasbeendesigned
to run in parallelusinga messagepassinginterface(MPI). For eachsystemwe provide the
detailsof the numericalimplementationof the model,aswell asa descriptionof the parallel
implementationandtheloop structureandfile structureof theFortrancodeitself. Finally, we
haveincludedasectiondescribinghow to obtain,compileandrunthecode,togetherwith some
testcaseresults.

2 Numerical details

Sincethe horizontalequationsanddiscretizationof the primitive equationscloselyresemble
thoseof theshallow waterequations,in thissectionandthroughout,themaindiscussionwill be
of theshallow waterequations.Thedifferencesarisingin theprimitiveequationsaredescribed
asappropriate.

2a. Equations

(i) Shallow waterequations

Following HackandJakob (1992),the shallow waterequationson a sphericaldomaincanbe
formulatedin termsof absolutevorticity $ , divergence% , andgeopotential&�' �&)(*&,+ (where
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�& is theconstantglobalaverageof & ) asfollows:- $-/.�0 � �1 � � �32 � � -54-76 � �1 -98- 2- %-5.:0 �1 � � �;2 � � -98-96 � �1 -54- 2 �;< � & + �=< �?>- &,+-/. 0 � �1 � � �32 � � -A@-96 � �1 -AB- 2 � �&C% � (2.1)

Here,
2 0EDGFIHKJ , J is thelatitude,

6
is thelongitude,and 1 is theplanetaryradius.Thenonlinear

termson theright-handsidesaregivenby4 0ML $ � 8 0ON $ �@ 0ML & � B 0ON & + � > 0 L � ( N �� � � �32 � � �
whereL ' ��P�Q D5J , N 'OR P�Q D9J , and� andR arethezonalandmeridionalvelocitycomponents,
respectively. Thevelocity ST' � � � R � is relatedto $ and % throughS 0VU � <XW ( <XY (2.2)

for a streamfunction
W

andvelocity potential
Y

satisfying $ 0 < � W (VZ and % 0 < � Y
, whereZ 0 �\[ DGFIHKJ is theCoriolisparameterand

[
is theplanetaryrotationrate.

(ii) Primitiveequations

The primitive equationswith pressure] asthe vertical coordinatecanbe written in a similar
form in termsof prognosticvariables$ , % , andthepotentialtemperature

 
:- $-/.^0 � �1 � � �;2 � � -54-96 � �1 -A8- 2- %-/.X0 �1 � � �32 � � -98-96 � �1 -54- 2 ��< � & �;< �?>-  -5.:0 � �1 � � �;2 � � -A@-96 � �1 -9B- 2 � �&_% �=`C� (2.3)

wherenow thenonlineartermsaredefinedas4 0aL $b( N %C( - Nbc- ] � 8 0EN $b( L %_( - Ldc- ] �
@ 0aL  � B 0ON  � > 0 L � ( N �� � � �;2 � � � ` 0 - c  +- ] �
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and c=0fe ]Ag e . is theverticalpressurevelocity. Thesystem(2.3)is closedusingthehydrostatic
relationbetween& and

 
, � �@ih - &-/j�0  � (2.4)

andthecontinuityequationrelating c and % ,- c- ] 0 � % � (2.5)

where
@ih

is thespecificheatat constantpressure,
j 0 � ]9gk]5l ��m , is anauxiliary verticalcoordi-

nate,]Al is a referencesurfacepresure,n 0Eo g @ih and o is thegasconstant.

2b. Horizontal discretization

Theshallow waterversionof BOB is aparallelversionof theshallow watermodeldescribedin
Hack andJakob (1992)incorporatingthe optimizationproceduresmentionedin the introduc-
tion. Theseproceduresaredescribedin moredetail in this sectionandin section3 below, and
somedetailscanalsobe found in Rivier et al. (2002). We first outline the main ideasof the
horizontaldiscretization,following HackandJakob (1992),to which thereaderis referredfor
further details. Theseideasarecommonto both the shallow waterversionandthe primitive
equationversionof themodel.

A physicalfield
j

is transformedfrom physicalspaceinto Fourieror latitudespace,using
thediscreteFouriertransform: j\p �q2r� 0 �s tu v w � j � 6

v ��2r�yx v p{zk| �
(2.6)

where there are
s

zonal grid points locatedat longitudes
6 v

, and where } is the Fourier
wavenumber. The field is then transformedfrom Fourier spaceto spectralspaceusing the
LegendretransformandassociatedLegendrepolynomials,~ p� :j p� 0 �u � w � j p �q2

� � ~ p� �q2 � �y� � � (2.7)

wherethereare � Gaussianlatitudes
2 �

, with weights
� �

, andwhere ~ � is theLegendrepoly-
nomialof degree� .

Assuming
j p ��2r�

vanishesat thepole,themeridionalderivative of
j

canberepresentedin
spectralspaceas � -/j- 2C� p� 0 � �u � w � j\p �q2

� �X� p� �q2 � �1 � � �;2 �� � � � � (2.8)
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where� p� ��2r� is definedas � p� �q2r� 0 � � �;2 � � - ~ p�- 2 �q2r�?�
(2.9)

Variouspropertiesof theassociatedLegendrepolynomials~ p� �q2r� canbeusedto limit the
memoryload of the model,which, for the ~ p� �q2r� and � p� �q2�� is order ! " andbecomespro-
hibitivelyhighatveryhighresolutions.First,thehemisphericalsymmetryof the ~ p� meansthat
only half the � rangeis neededin thesumin (2.7),reducingthestoragerequirementby a factor
of two. Second,thepolynomials,� p� ��2r� canbecomputedateachtimestepfrom arelationship
involving ~ p��� � �q2r� and ~ p��� � �q2r� , andthusdo not needto bestoredat all (Rivier et al., 2002).
Third, thepolynomials~ p� ��2r� themselvescanbecomputedateachtimestepfrom a recurrence
relationshipexpressing~ p�� ���� � in termsof ~ p�	 ���	 � , ~ p�	 ���� � , and ~ pi� ���	 � . Thestoragerequirements
of theprecomputed~ p� �q2�� andothercoefficientsneededto initiate this recurrencerelationis
only order ! � . The recurrencerelationitself is numericallystable(Swarztrauber, 1993),and
additionally, eachcomputedvalueof ~ p� canbereusedfor eachof thetermsappearingon the
right-handsidesof (2.1) and(2.3), resultingin an increasecomputationtime of only 16%for
thecalculationof thespectralcoefficients.

2c. Vertical discretization

Theshallow waterequationshavenoverticaldependence,sothissectiondealsexclusively with
the primitive equationversionof the model. For informationon how to run an uncoupled,
multilevel stackof shallow waterequations,seesection4 below.

The vertical discretizationusedfor the primitive equationversionis a standard,second
orderfinite differencing,usingpressureasthe vertical coordinate.For full details,the reader
is referredto Saravanan(1992). Thereare ��( � “half-levels” dividing the vertical domain� � � ]Al�� into � arbitrarysub-intervalsof width ��]5� for � 0 � ��������� � . The modelprognostic
variablesaredefinedat the “full-le vels”, which arethe midpointsof thesesub-intervals. The
verticalpressurevelocity c , on theotherhand,is definedat thehalf-levels. Figure1 illustrates
therelationshipbetweenthefull-levels,half-levels,andthelevel thicknesses��]5� .

The verticalderivativesappearingon the right-handsidesof (2.3) arein flux form. For a
flux

` � �,�� 0�c � �,�� �� � �,�� , where � representsoneof L , N , or
 
, and �� � �,�� 0 � � � � � ( � � � g � , the

verticalderivativeof
`

is definedat thefull-level � as� - `- ] � � 0 ` � � �� �=` � 	 ����]5� (2.10)

At theupperandlowerpressurehalf-levels,theboundariesof theverticaldomain,thepressure-
velocity is set to zero, c �� 0�c�� � �� 0 �

. This implies that the flux of any quantitythrought
thesesurfaces,i.e. into or outof themodeldomain,is alsozero.
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Figure1: Sketchof theverticaldiscretizationof thepressurelevel versionof themodel.Levels
arein solid lines,half-levelsin dottedlines.

The choiceof boundaryconditionmeansthat the vertically integrateddivergenceis zero,
from (2.5), andsotheexternalgravity wave modeis excluded.This impliesthat the � diver-
genceson model full-levels, arenot linearly independent.It is thereforeconvenientto work
with the � � �

linearly independentquantities�% � �,�� 0 � %�� � � � %�� � g � definedon interiormodel
half-levels.

Thehydrostaticrelation(2.4) is discretizedasfollows:&�� � � � &��  � � � �   � 0 � @ih � � � �� (2.11)

or, equivalently �& � � �� 0 � @ih �  � � �� � � � �� (2.12)

where
  0 � ]9gk]Al �ym is an auxiliary vertical coordinateandwhere �& � �,�� and �  � �,�� aredefined

analagouslyto �% � �,�� . Thisallowsamatrix representationof & :¡ �& 0O¢¤£�¥:¦§ ¡ (2.13)

where
¡ �� 0 � �� � � �� ��������� �� � 	 �� � denotesa column vectorof length � � �

and where ¢ is a� � � � � � � matrixdefinedby� ¢ £�¥ ¦§ � ��¨ �ª© 0 «¬® � �� @ih �  � � �� if ��+ 0 �¯( � or ��+ 0 � ��
otherwise

(2.14)
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Similarly, thediscretizationof thecontinuityequationcanbewritten in matrix form,¡c=0E¢¤° ¥�± ¢V¦° ¥ ° ¡ �% (2.15)

where,¢²° ¥�± and ¢ ¦° ¥ ° are � � � and
� � � � � � � matrices,respectively, givenby� ¢¤° ¥�± � ��¨ � © 0 «¬  � �³]/� © if � +7´ � ��

otherwise
(2.16)

and � ¢ ¦° ¥ ° � ��¨ �ª© 0 «¬® � ] � © � �� gk] � � �� if �
+7µ�� �� � ] �ª© � �� g?] � � �� � � � if �
+7¶E� � (2.17)

Theserelatively small “vertical” matricesarecomputedonceat thebeginningof eachcal-
culationandthenstoredin a commonblock. Thesameis donewith matricesarisingfrom the
decompositionof the potentialtemperaturefield into referenceandperturbationcomponents,
neededfor thesemi-implicit time-stepping,andfrom hyperdiffusiontermsaddedto the right-
handsidesof (2.3) (seesections2d and2e below). For further detailsof thesematricessee
AppendixA, andSaravanan(1992).

2d. Hyperdiffusion

For dynamicallyinterestinginitial conditions,equations(2.1) and(2.3) will typically exhibit
extremelyrapidformationof largegradientsin thevorticity andpotentialtemperature,leading
to smallscalefeaturesthatarebeyondthecapabilitiesof themodelresolution.Horizontaldif-
fusion,or higherorderhyperdiffusiontermsarethereforeaddedto theright-handsidesof the
equationsto stopthecascadeof enstrophyto smallscalesandto renderthesolutioncomputa-
tionally well-posed.Thesetermsappearin theequationsin theform-/j-5. 0 ����� (;· < � �¸j (2.18)

where
j

representseachof the prognosticvariables,
 
, % ,  , or & , andthe dotsrepresentthe

othertermson theright-handsidesof (2.1)and(2.3). Thecoefficient · is chosenaccordingto
thedynamicalproblemandthehorizontalgrid resolution.Theorder � of thediffusionoperator
governsthe extent to which the diffusion is scale-selective, actingpreferentiallyon the small
scalesin themodel. The larger � thegreaterthescale-selectivity, andthe lessimpactthedif-
fusionhason thelargescalefeatures.Typical valuesusedfor meteorologicalapplicationsare� 0 � � � ������¹ ; � 0 � correspondsto ordinarydiffusion.
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2e. Time stepping

Thetime steppingis a leapfrogschemein which the termsassociatedwith gravity wavesand
with thehorizontaldiffusionaretreatedimplicitly. Full detailsof thesemi-implicitschemecan
befoundin HackandJacob(1993)for thecaseof theshallow waterequationsandin Saravanan
(1992)for the caseof the primitive equations.For the purposesof the semi-implicit scheme,
thepotentialtemperaturefield in theprimitiveequationsis decomposedinto areferenceprofile, \º

, anddeviationsfrom this,
 + 0  �  \º

. The linearizationof the right-handsideof the
 

equationin (2.3)is thentreatedimplicitly, while theremainingnonlinearcontribution is treated
explicitly. Thereferencepotentialtemperatureusedin theprimitive equationversionof BOB
correspondsto thatof anisothermalatmosphere.

Sincetheleapfrog schemeproducesa computationalmode,a Robert-Asselinfilter is used
to dampit out. Both thesemi-implicit leapfrogschemeandRobert-Asselinfilter arestandard
andwidely usedin thethis typeof model.

3 Implementation

In this sectionwe describethe implementationof the numericalequationsdescribedin the
previous section. This includesa descriptionof the decompositionof the physical,Fourier,
andspectraldomainsusedfor the parallelization,detailsof the Fortran loop structuresused
to cycle over the decomposedfields in eachdomain,detailsof the transpositionbetweenthe
Fourier spaceandspectralspacedecompostion,and,finally, a descriptionof the filestructure
anddependenciesof theFortrancodeitself.

3a. Domain decompositionfor parallelization

The domainis divided into subdomainsin the horizontaldirection only, that is, thereis no
verticaldecomposition.What follows in this subsectionthereforeappliesequallyto both the
shallow waterversionandtheprimitiveequationversionof BOB.

In thehorizontaldirectionwe usea one-dimensionaldecomposition.This is in contrastto
earlierwork on two-dimensionaldecompostionsby FosterandWorley (1994). Although the
2D decompositionallows for afinergraindecompositionthisalsoresultsin considerablymore
network traffic, requiringexpensive low-latency–high-bandwidthnetworks. The1D decompo-
sition usedhereavoids this high network traffic andalsomakesuseof load balancingamong
processors.Further, thedecompositionis designedsuchthatthememoryfootprintof eachpro-
cessoris small andcanfit in the relatively small L2 cacheof lessexpensive Pentium-based
clusters.

7



(i) PhysicalspaceandFourierspacedecomposition

In both physicalspaceand Fourier spacethe domainis decomposedsuchthat the latitudes
aredistributeduniformly over theprocessingelements(PEs);thereis no decompositionin the
zonaldirection. This meansthat the fastFourier transforms(FFTs)arecarriedout locally on
eachprocessor. Sincethesethe FFTsareone-dimensional,they fit easily into cache,evenat
fairly high resolutions(beyondT341).

The physicaldomainis also tiled to ensurethat the working set neededto computethe
nonlineartermson the right-handsidesof (2.1) or (2.3) fits easily into the memorycacheof
eachPE.An exampleof this tiling, andits relationto the latitudinaldecomposition,is shown
in Figure2, for the caseof a spectralresolutionof T42 (that is, with 128 longitudesand64
latitudes)using4 PEs.The latitudesaredistibuteduniformly over the4 PEs,and,for a given
latitude,thelongitudesareall on thesamePE.

Theshadedrectanglein thefigurerepresentsa singletile, of size(nlon
�

nlat). Thetiling,
or blockingsizeparametersnlon andnlat arespecifiedin theheaderfile dims.h (seesection3d
below), andarechosensuchthat the tile fits easily into the memorycacheof eachPE.For a
512kBL2 cachetheoptimalblockingsizeis nlat 0 ¹ andnlon 0¼» , but thesecanbeadjusted
for easyperfomancetuningandportability.

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

nlon=8

nlat=4

PE3

PE2

PE1

PE0

jeg

T42

1

2

3

4

5

6

7

8

je

Plat/2=32

Plon=128ie=1,16

Figure2: Decompositionof thephysicalspace.

Theindicesje andjeg areshownalongthelatitudeaxisin Figure 2. jeg is aglobalindex that
representsthepositionin latitudeof aspecifictile. je is anindex localto eachPEthatrepresents
the positionin latitudesof a tile on an individual PE.For the spectralresolutionof T42 on 4
PEsusedin this example,eachPE contains2 latitudinal tiles. The figure shows latitudesup
to plat/2, this beingthe sizeof the latitudinal arraydimension. In physicalspacea separate
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loop is usedto cycle thetwo hemispheres;in spectralspace,only half thelatitudinaldomainof
theassociatedLegendrepolynomialsis neededbecauseof thehemisphericalsymmetry. Again,
it is the tiling in latitudespacethat allows the working setof the Fourier coefficientsandthe
associatedLegendrepolynomials,neededfor theLegendretransform(2.7),to fit into thecache
oneachPE(seealsosection3cbelow).

The index ie is shown along the longitudeaxis. It is a global index that representsthe
positionin longitudeof a specifictile. For detailsof how the tiling shown in Figure2 is im-
plementedin theFortrancodeto loop over thewholeof physicalspace,seethephysicalspace
loopdescriptionin section3bbelow.

(ii) Spectralspacedecomposition

In spectralspacethe domainis decomposedsuchthat the zonalwavenumbersaredistributed
over the PEs;thereis no decompositionof the latitudinalwavenumber. Unlike the latitudinal
decompositionabove,a uniform decompositioncannotbeusedefficiently, sincethetriangular
spectraltruncationwith a uniform decompositiongivesrisesto anunbalancedloaddistributed
over thePEs. To ensurea balancedload(i.e. to provide roughly thesameamountof work to
eachPE)it is necessaryto pairzonalwavenumbersfrom oppositeendsof thespectrum.Thatis,
if ¢ is thehighestwavenumberretainedin thetruncation,thedecompositionis appliedon the
pairing

� ¢ � � �k�½� ¢ � � � � �?����������� ¢ g � � ¢ g � ( � � if ¢ is odd,andon theparing
� ¢ � � �k�½� ¢ �� � � �k���������½� ¢ g � � if ¢ is even.

The distribution of the spectralcoefficients over the PEsis illustratedin Figure 3 for a
resolutionof T42 on 4 PEs(only thedistribution for thefirst two PEsis shown). To distribute
roughlythesamenumberof spectralcoefficientsto eachPE,them coefficientsaregroupedinto
chunksof “high” and“low” m coefficients.To savememoryspace,thespectralcoefficientsare
thenpacked in a single1D structurethat containsall the (m,n) coefficientsfor every m. The
vectorscptr, of length ¢ ( � pointsto thecorrespondingpositionsof thesecoefficientswithin
this 1D structure;that is scptr(m) givesthe startingpositionwhereall the (m,n) coefficients
associatedwith thatm reside.Thevaluesof scptr(m) areshown onthefigurefor selectedvalues
of m.

Tables1aand1bbelow show thedistributionof thelow (mch 0 � ) andhigh(mch 0 � ) zonal
wavenumbers,respectively, togetherwith thevaluesof scptr(m) for all 4 PEsof this example,
andthetotal numberof spectralwavenumbersdistributedto eachprocessorin eachof thelow
andhigh m chunks.Thetotal numberof spectralwavenumbersresidingon eachPEis thenthe
sumof thetwo totals,giving 263,263,239,and197wavenumbersonPE0,PE1,PE2,andPE3,
respectively.
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85 scptr(2)
43 scptr(1)

126 scptr(3)

243 scptr(37)

254 scptr(39)
249 scptr(38)

High m coefs

0 scptr(0)

0  1  2 3 4 5 37 ...........42

PE 0
m

n

6  ........... 11 31 ...........36

73 scptr(8)
37 scptr(7)

108 scptr(9)

0 scptr(6)

207 scptr(31)

203 scptr(33)
219 scptr(32)

PE 1
m

n

Low m coefs

High m coefs

Low m coefs

Figure3: Decompositionof thespectralspaceandgroupingof thezonalspaceinto chunksof
highandlow zonalwavenumbers.

a mch 0 � � Low m

PE
� � � �

m 0 0-5 6-11 12-16 17-21

scptr(m)
� � � �¹¾� �¾¿ � � �\À»¾Á ¿\� ÀÂ� Á ��½�\À ��� » Ã � ¿ Á��ÀÄÀ � ¹ � �Ä� » ÃÄ»�\� Á � ¿ Á

total
� ¹ � ���ÄÀ � ¹\¹ �Ä� Ã

b mch 0 � � High m

PE
� � � �

m 0 37-42 31-36 26-30 22-25

scptr(m)
� ¹¾� �\� ¿ � ¹ Á �½�\�� ¹ Ã �Â� Ã ��À¾� � ¹ �� Á ¹ � � � � ¿ » ��À��� Á\» � ¹ � � Ã � � » ���À�� � ¹ Ã ��� ¿��À � � Á ¿

total
��� Á ¿ ¿ Á ¿ »

Table1: Valuesof scptr(m) andthenumberof wavenumbersstoredoneachPEin theexample
of T42resolutionon4 PEs.(a) low m, (b) highm.

3b. Basicloop description

As an illustration of the domaindecompositionsdescribedabove, it is useful to considerthe
structureof thebasicFortranDO loopsthatcover thewholephysical,Fourier, or spectraldo-
mains.Examplesareagaingivenfor a resolutionof T42on4 PEs.
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(i) Physicalspaceloopstructure

First considerthe physicaldomain. We want to cycle over all latitudes,longitudes,andall
vertical levels(recall that theshallow waterversioncanberun with plev uncoupledlevelsand
thatstandardshallow waterhasplev 0 �

). Becauseof the tiling in latitudeandlongitude,the
loopsfirst cycle over thetiles andthenover thelatitudeandlongitudewithin eachtile. This is
illustratedin the following sectionof codethat cyclesover all the grid pointsin the physical
domain:

do jeg=jebeg(rank),jeend(rank) ! rank specifies a PE (between 0 and NPE-1)

je=jeg-jebeg(rank)+1

dx=(2.0d0*Pi)/plonmax(jeg) ! tile longitude spacing

iptr=1

do ie=1,ielem(jeg)

do k=1,plev

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+1

end do

end do

end do

end do

end do

end do

Here,thelocal variablearray is setto zeroon eachPE.Theunionof all copiesof array on the
differentPEscoversthephysicaldomain.Similarly, thelocalvariablelon is setto thelongitude
oneachPE.

As shown in Figure2, for the caseof T42 resolutionon 4 PEs,the global integer valued
variablesjebeg 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 the tiles in the domain. Thus,jeg is a
global integervaluedvariablethatprovidesthe latitudinal index of eachtile, andis alsoused
to accessglobalarrayssuchasplonmax(jeg). In contrast,je is a local integervaluedvariable
thatrunsover thenumberof tiles in latitudeonanindividualPE.Similarly, ie is a local integer
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valuedvariablethatprovidesthelongitudinalindex of eachtile on anindividualPE.Notethat
thearrayvariableielem(jeg) hasthesamedimensionasthenumberof latitudinaltiles. This is
for theprovision, in futuremodelrevisions,of a computationalgrid thathasvaryingnumbers
of longitudepointsfor varyinglatitudes(typically fewernearthepoles).In thepresentversion
of the code,only a uniform rectaungulargrid is supportedandso the valueof ielem(jeg) is
currentlythesamefor all jeg (definedin dims.h).

Theremainingloopsrunoververticallevel (k), thetwohemispheres(ins), thelatitudewithin
eachtile (j) andthelongitudewithin eachtile (i).

(ii) Fourierspaceloopstructure

To illustratethe loop structurein Fourierspacewe describein moredetailhow theassociated
Legendrepolynomialsarecalculated“on the fly”. Below is the sectionof the codefrom the
subroutinespectral.F(seesection3dbelow), whichis performedateachtimestepbeforecarry-
ing out theLegendretransform.For eachFouriercoefficientm weneedto calculatethe ! � }
polynomials~ p� ��2r� asafunctionsof latitude.At thispoint thelatitude-Fouriermodetransposi-
tion hasalreadybeenmadesothatFouriermodes,ratherthanlatitudes,aredistributedover the
PEs.As describedfor thespectralspacedecompositionin section2aabove,theFouriermodes
aregroupedin low modeandhigh modechunksto ensureloadbalancingacrossthePEsof the
subsequentspectralarrays.

do mch=0,mchmax(rank) ! loop over the chunks of m

do ioe=0,1 ! odd even index

ix=0 ! P memory pointer for compute on fly

do jeg=1,jelemg

call loadalp(Pseed(1,0,jeg,ioe,mch),

: P(1,0,ix,jeg),

: mbeg(mch,rank)+ioe)

end do

do m=mbeg(mch,rank)+ioe,mend(mch,rank),2

do ipe=0,P_NODE-1

do jeg=jebeg(ipe),jeend(ipe)

je=jeg-jebeg(ipe)+1

if (m.ge.mbeg(mch,rank)+2) then

call genalp(P(1,0,0,jeg),

: genp(1,1+vscptr(m)),

: ix,

: m)

c (1) call to analysis
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end if

end do

end do

c (2) call to advance

c (3) call to synthesis

ix=1-ix

end do ! End loop on m

end do ! End loop on ioe

end do ! End loop on mch

Here,themch loop runsover thetwo chunks(highandlow) of Fouriermodescontainedon
eachPE,thatis, mchmax 0 � on all PEs.Theindex ioe allows thesubsequentloop on Fourier
modesto be split into odd andevencomponenets,necessaryfor efficient implentationof the
ALP recurrencerelation,which involves ~ pÅ	 ���Æ � and ~ p�� ���Æ � coefficientsoneachpass(seeRivier
etal.,2002,Equation(15)).

Beforethe recurrencerelationcanbeused,a subsetof the ALPs, the “seedvalues”,need
to be loadedinto theALP arrayP(*,*,*,*). Theseseedvaluesarecomputedonceonly during
the initialization phaseof the model (seesection3d below). The subroutineloadalp, called
separatelyfor eachlatitudinal tile indexedby jeg, loadsthe seedvaluesof the ALPs (Pseed)
into thearrayP(*,*,*,*).

Oncetheseedvaluesareloadedinto P, therecurrencerelationcanbeusedto calculatethe
remainingALPs. Them loop runsover thevaluesof m locatedon eachPE,andis performed
separatelyfor thehigh andlow modechunks,andfor oddandevenmodes.Within them loop,
the loopsover ipe andjeg togethercover all of tiles in latitudespace:P NODE is equalto the
numberof PEs,andjeg cyclesover thetiles associatedwith eachPE.Recallthat,at this stage,
thedecompositionover PEsis in Fourierspace,so thata horizontalarraylocal to a givenPE
containsall thelatitudepointsanda subsetof theFouriermodes.For a givenFouriermodem

andlatitudetile jeg, genalpthencomputestheall the ! � } Legendrepolynomialsassociated
with thatm, asa functionof latitudewithin thattile, andsavestheresulting(n,latitude)depen-
dentarrayin P. This arrayis thenusedto performtheLegendretransform,takingthetermsof
theequationsfrom Fourierspaceto spectralspace.

Note the locationof thecalls to analysis, advanceandsynthesiswithin thesamem loop.
The subroutineanalysisperformsthe Legendretransform,the subroutineadvanceperforms
thetimesteppingof thespectralcoefficients,andthesubroutinesynthesisperformsthereverse
Legendretransformbackto Fourierspace.Thustheentirespectralpartof thetimesteppingis
unrolledwith respectto Fourierwavenumber. Further, becausethedomainis tiled in latitude,
andseparatecallsto analysisandsynthesisfor theforwardandreverseLegendretransformare
madefor eachtile, eachof theseroutinesusesonly a subsetof theALP arrayP andthis subset
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is likely to remaincacheresidentthroughouteachcall.

(iii) Spectralspaceloopstructure

Finally we considerthe loop over spectralspace,using as an examplethe call to advance
(labelled(2) in theFourierspaceloop illustratedabove) wherethe timesteppingis performed.
Thefirst partof the loop over spectralspacehasthesamestructureasthatover Fourierspace:
threeloops(overmch, ioe, m) fix thevalueof m. As notedabove,thisallowstheentirespectral
partof themodel,comprisingtheforwardLegendretransform,thetimestepping,andthereverse
Legendretransform,to beplacedwithin thesamesingleloop over Fouriermodesasthatused
for thecalculationof theALPs.

Within theFourierspaceloops,thepointersnlt p andsc p areusedto point to thecorrect
positionwithin the1D arraysthatcontain,respectively, thespectralcoefficientsof thenonlinear
terms(nltsc) andthe prognosticvariablesat the currentandprevious timestep(sc andscm1).
Thesubsetof thesearraysdefinedby thepointersarethenpassedto thesubroutineadvance:

do mch=0,mchmax(rank)

do ioe=0,1

do m=mbeg(mch,rank)+ioe,mend(mch,rank),2

c (0) call to genalp

c (1) call to analysis

nlt_p=1+2*plev*nnlt*vscptr(m)

sc_p =1+2*plev*nsp*scptr(m)

for_p =1+2*plev*scptr(m)

call advance(nltsc(nlt_p),

: sc(sc_p),

: scm1(sc_p),

: eps(1+vscptr(m)),

: m)

c (3) call to synthesis

end do ! End loop on m

end do ! End loop on ioe

end do ! End loop on mch

In the subroutineadvance, these1D arraysare declaredas multi-dimensionalarraysin
which the separatedimensionsrepresentthe vertical levels (k =

� ��������� � ), the latitudinal
wavenumber(n 0 } ��������� ! ), the typeof nonlineartermor prognosticvariable(nnlt or nsp),
andthe real or complex part of the coefficient (ic 0 � � �

). Seethe sectionof codelisted be-
low. Notethat,althougheachspectralcoefficient is a complex number, it is treatedastwo real
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numbersfor moreefficient arithmetic.Thus,ic 0 � correspondsto therealpartof thespectral
coefficient andic 0 �

correspondsto theimaginarypart. Thepointernnlt refersto thediffer-
ent nonlinearterms

4 ����������`
, appearingon the right-handsidesof (2.1) and(2.3), while the

pointernsp refersto theprognosticvariables,
  � % � and

 
or & .

subroutine advance(nltsc,

: sc,

: scm1,

: eps,

: m)

INT m

REAL nltsc(0:1,nnlt,m:nn+1,plev)

REAL sc(0:1,nsp,m:nn,plev)

REAL scm1(0:1,nsp,m:nn,plev)

REAL eps(m:nn+1)

do k=1,plev

do n=m,nn

do ic=0,1

vorterm = w*nltsc(ic,a_p,n,k) + ...

enddo

enddo

enddo

It is alsopossibleto passforcing functionsto thetimesteppingsubroutinein thesameman-
nerasthenonlineartermsandprognosticvariables.For example,this is donein theprimitive
equationversionof the codeto includeNewtoniancoolingandRayleighfriction termsin the
modelequationsassimpleparametrizationsof atmosphericforcings. This allows the simula-
tion of realisticatmosphericflows suchasthatusedfor theHeld andSuarez(1994)testcase,
describedin section4bbelow. For example,to allow for Rayleighfriction, anadditionalpointer
for p is usedthat pointsto the correctpositionin the arraysforvorsc and fordivsc, which are
passedto advanceasbefore:

for_p =1+2*plev*scptr(m)

call advance(nltsc(nlt_p),

: sc(sc_p),

: scm1(sc_p),

: forvorsc(for_p),

: fordivsc(for_p),

: eps(1+vscptr(m)),

: m)

andin advancethesearraysareredefinedto have thefollowing structure:

REAL forvorsc(0:1,m:nn,plev)

REAL fordivsc(0:1,m:nn,plev)
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3c. TranspositionAlgorithm

As describedin section3a,theparallelizationusesa one-dimensionaldecompositionin which
the latitudesof the physical/Fourierspacevariablesandthe longitudinalwavenumbersof the
spectralspacevariablesaredistributedover thePEs.For theFourier transformstagebetween
physicalandFourierspace,the latitudesaredistributedover thePEsso that the transformre-
quiresonly localoperations,summingoverlongitudesasin (2.6). OntheotherhandtheLegen-
dretransformbetweenFourierandspectralspace,(2.7), requiresasummationovertheGaussian
latitudes

2 �
, andthereforeis mostefficient whenthelatitudesareall storedlocally on eachPE

andthelongitudinalwavenumbersm aredistributedover thePEs.BetweentheFourierandthe
Legendretransformsit is thereforenecessaryto transposebetweena decompositionover lati-
tudespaceandoneoverlongitudinalwavenumber. Thetwo decompositionsandthedirectionof
thetranspositionbetweentheforwardFourierandLegendretransformsareillustratedin Figure
4.

To avoid a high volumeof network traffic andthe possibility of consequentconflicts,the
transpositionis carriedout in stages.Figure5 illustrateshow thedatais movedaroundduring
thetranspositionwhentherearefour PEs.Thefour columnsin eachmatrix representthedata
presentlocally on the four PEs. At the beginning of the forward transpositionthe latitudes
aredistributedalongeachrow (distributedover thePEs)andtheFouriermodesaredistributed
alongeachcolumn.

Thezerothstageshows thedataon thediagonalstayingin placefor thetransposition.The
PEsarethenpairedtogetherasindicatedby thearrowsandthedatais swappedbetweenpaired
PEsusinga call to the MPI routinempi sendrecv. This pairing andswappingis performed
NPE

� �
timeswhereNPE equalsthe numberof PEs;thuseachPE exchangesdatawith all

others.After NPE
� �

stagesthetranspositionis completeanddatathatwaslocal to onePEis
distributedover the otherPEs. At the endof the forward transpositionthe Fouriermodesare
distributedover eachrow (distributedover thePEs)andthe latitudesaredistributedover each
column.A similarprocedureis usedfor thereversetransform.

µ j

Fourier space before

the transposition

PE1

PE2

PE3

PE4
m

µ j

Fourier space before

the transposition

PE1

PE2

PE3

PE4
m µ j

transpf.F PE1

PE2

PE3

PE4

Fourier space after

the transpositionm

Figure4: Distribution of the2D Fourierspaceover thePEs.Thearrow indicatesthe forward
transposition.
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STAGE 0
0 1 2 3

STAGE 1

0 1 2 3

STAGE 2
0 1 2 3

STAGE 3

Figure5: Transposition.

Themethodof pairwisetranspositionover NPE
� �

stageslimits the numberof messages
presentin the network at any onetime andthuslimits conflictswhich would otherwiseslow
down thetranspositionprocess.

3d. Fortran implementation and filestructure

To summarizethe foregoing, the structureof the the main time steppingloop comprisesthe
following mainstages:Ç calculationof thenonlineartermsin physicalspaceat time

.Ç forwardFouriertransformÇ transpositionÇ forwardLegendretransformÇ calculationof theprognosticvariablesat time
. (�� .Ç inverseLegendretransformÇ transpositionÇ inverseFouriertransform

In addition,themainBOB programhasaninitialization stagethatsetsup thearrays,reads
in theGaussiangrid andtheinitial conditions,andconstructstheverticalmatrices(in thecase
of theprimitiveequations).TheGaussiangrid andinitial conditionsthemselvesareconstructed
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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 thecodegeneratingtheexecutablegenini.F. Theexactform
of callsfrom initscg.F dependson theparticularinitial conditionbeinggenerated.Thecallsto
tzstruct.F andverini.F areonly presentin theprimitiveequationversion.

by runningtwo otherprograms,which arecompiledandrun separately. Therearethusthree
separateprogramsthatareinvolvedin runningthemodel:gengrid.F, whichgeneratesthegrid,
genini.F, whichgeneratestheinitial conditions,andthemainBOB programitself, which inte-
gratestheinitial conditionforwardin time. Thesethreeprograms,andtheir subroutinedepen-
dencies,aredescribedin thissection.

Thefirst program,gengrid.F, calculatestheGaussianlatitudesandweightsandwritesthese
to afile thatis readsubsequentlyby theotherprograms.Themaincalculationtakesplacein the
subroutinepgaqd. Thewholeprogramis runseriallyonasingleprocessor. It needonly berun
oncefor agivenhorizontalresolution.

The secondprogram,genini.F generatesthe initial condition. It calculatesthe spectral
coefficientsof thethreeprognosticvariables

 
, % , & (or

 
in thecaseof theprimtiveequations)

andwrites theseto a singleinitial conditionfile. This programis run in parallel,makingfull
useof thedomaindecompositionandotherfeaturesof themainmodel(mostof thesubroutines
involvedin calculatingthespectralcoefficientsof theprognosticvariablesaresimplyborrowed
from themainBOB program).

Figure6 shows thecalling treeof genini.F. Thefirst call, to thesubroutineinitmp.F , per-
formstheMPI initialization requiredfor communicationbetweenthedifferentPEs. Thesub-
routinegridfile.F thenreadsin theGaussianlatitudesandweightsandbroadcaststheseto all
the PEsasglobal variables.Theseglobal latitudinal variablesarethendecomposedover the
PEsaccordingto thetiling proceduredescribedin section3aby thesubroutineinitsht.F. This
subroutinealsoinitializestheweightsrequiredfor theFouriertransformandtheseedsrequired
for therecurrencerelationthatcomputestheLegendrepolynomials.

The subroutineinitscg.F hasa variety of dependencies,accordingto the versionof the
model. In the primitive equationversioncalls are madeto the subroutinestzstruct.F and
verini.F, which initialize theverticalstructure.Theseareabsentin theshallow waterversion.
Dependingon the typeof initial conditionrequired,a combinationof initv ordiv.F, initphi.F ,
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main.F

tzstruct.F

initmp.F

initmodel.F

verini.F
initforsc.F

getinputs.F

gridfile.F

initsht.F

initfile.F startsht.F initsc.F

spectral_to_fourier.F

Ready to start the loop over time ...

Figure7: Calling treefor themainBOB duringtheinitializationstageupto theloopover time.
Thecallsto tzstruct.F andverini.F areonly presentin theprimitiveequationversion.

inituth.F andinitpert.F initializesthethreeprognosticvariablesin physicalspace.Finally the
subroutinephysical to spectral.F transformsthesefieldsinto spectralspaceandsc pgather.F
gathersthefieldsononePEfor outputto file usingwriter eal.F.

Thethird programis themainBOB model,which doesthetime-steppingandoutputsvar-
ious diagnosticfields. The calling treeof this programcanbe convenientlydivided into two
mainsections,describingtheinitialization andtimestepping.Figure7 illustratesthemodelup
to thepoint wherethe loop over time starts.Figure8 describesthemain time-loopwherethe
equationsare“advanced”in time.

As in thecaseof genini.F, theMPI initializationis donefirst with acall to initmp.F . This is
followedin theprimitiveequationversionwith acall to tzstruct.F which initializesthevertical
temperatureprofile.

The main part of the initialization thenbegins with initmodel.F. Within this subroutine,
getinputs.F readstheinput namelistin bobx.in, which containsthefilenameof theinitial con-
dition, thetotal numberof timestepsto becomputed,thetimesteplength,thefrequency of the
diagnosticsoutput,etc.,andbroadcaststhis informationto all thePEs.TheGaussianlatitudes
andweightsarethenreadin andbroadcastby thegridfile.F, afterwhich initsht.F decomposes
thelatitudesover thePEsandinitializesthevariousweightsandseedsrequiredfor theFourier
andLegendretransforms.

Thesubroutineinitfile andits dependenciesdealwith the initial conditions.In startsht.F,
initsc.F readsthe initial conditionfile (theoutputfrom genini.F) which containsthe spectral
coefficientsof theprognosticvariables.Thesubroutinespectral to fourier.F thentransforms
theseinitial spectralcoefficientsinto Fourierspaceto bereadyto starttheloopover time.

Finally, in thecaseof theprimitive equationversion,thesubroutineverini.F computesall
the“verticalmatrices”whichresultfrom theverticaldiscretization(following Saravanan,1992;
seealsoAppendixB) andinitf orsc.Fcomputesthespectralcoefficientsof theforcingterms(for
example,thermalrelaxationandsurfacefriction).

Figure8 showsthecalling treeof BOB duringthetime loop. Themainpartof this loop,in-
volving thesubroutinesht.F, is dividedinto four stages.At thebeginningof theloop,theprog-
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main.F sht.F

output.F

timeadvance.F

fourier.F

transpf.F

spectral.F

transpb.F

rfftb.F

bldnlt.F

rfftf.F

zeroreal.F

loadalp.F

analysis.F

advance.F

synthesis.F

genalp.F

blduv.F

Figure8: Calling treefor themainBOB programcodeduringtheloopover time.

nosticvariablesandvelocity fields
  � % � & � L � N arein Fourier space,with latitudedistributed

over thePEs.Thefirst stageof the loop, fourier.F, transformsthesefieldsfrom Fourierspace
to physicalspace,calculatesthe nonlinearterms,

4 �������È��`
in physicalspace,andtransforms

thenonlineartermsfrom physicalspaceto Fourierspace,using,respectively, rfftb .F, bldnlt.F ,
andrfftf .F. Throughoutthisstage,thelatitudesaredistributedover thePEssothattheforward
andinverserealFFTscanbedoneonasinglePEfor awholelatitudinalcircle.

Sincethe Legnedretransformfrom Fourier spaceto spectralspacerequiresa summation
over theGaussianlatitudes,beforethisstagecanbeperformedthedecompositionof thearrays
over the PEsmustbe rearrangedso that all latitudessit locally on eachPE.Thus,thesecond
stage,transpf.F, performsatranspositionfrom alatitudespacedecompositionto alongitudinal
modedecomposition,asdescribedin section3c. At theendof this stagethefieldsarestill in
Fourierspace,but with theFouriermodesdistributedover thePEs.

The third stageof the time loop involves all the operationsin spectralspace,including
the time steppingof the prognosticequations,andis containedin the subroutinespectral.F.
First theLegendretransformsareperformed:loadalp.F loadstheseedvaluesof theassociated
Legendrepolynomialsthat are then usedby genalp.F to generatethe Legendrecoefficients
“on the fly” as describedin section3b. By not storing the entire set of ALPs in memory,
this procedureallows BOB to be run at high resolutionwith a low memoryfootprint. The
Legendretransformitself is calculatedin analysis.F: this transformis essentiallya matrix-
vectormultiplicationfor eachFouriermode,summingover all thegaussianlatitudes.Having
theFouriermodesdistibutedoverthePEsthereforeallowsefficientparallelizationof thisstage.
After analysis.F, all the fields

4 ����������`
are in spectralspace.The subroutineadvance.F is

wheretheactualleapfrogtime-steppingtakesplace.The“new” spectralcoefficientsat time
. (� . arecomputedusingthespectralcoefficients

4 p� ����������` p� aswell asthespectralcoefficients
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of the prognosticvariables(
  � % � & ) at time

.
and

. � � . . At the endof advance.F, a call to
blduv.F computesthewind field from thevorticity anddivergencefields(seeHackandJakob
(1992)). The subroutinesynthesis.Fperformsthe inverseLegendretransformson the new
prognosticvariablesandwind field at time

. (�� . .
We arenow backin Fourierspacewith theFouriermodesm distributedover thePEs.The

fourth stage,transpb.F, transposesthe fields so that the latitudesare againdistributedover
the PEs. Thus,whentheprogramreturnsto fourier.F the arraysaredistributedsuchthat the
inverseFFTscanbedoneoverall longitudesin thetransformationbackto physcialspace.The
full cycle in thetime-steppingprocessis now complete.

At eachtimestepacall to output.F computesandoutputsseveraldiagnosticquantities.Note
thatwhenoutputtingvariablesin physicalspace,theprognosticfieldsusedarethosecomputed
beforethe last call to advance.F, that is, beforethe last time-step. For this reasonan extra
timestepthanthenumberrequestedis alwaysperformedat theof theintegration.All outputis
serialsothefieldsarefirst gatheredontherootPEbeforebeingoutput.Finally, Timeadvance.F
is thesubroutinewhichupdatestimeasthetimestepsaretaken.

4 Obtaining and running the software

Thesourcecodefor theshallow waterandprimitiveequationversionsof themodelareavailable
separatelyfrom http://www.scd.ucar.edu/;filesswbob.tar.gzandpebob.tar.gzrespectively. Af-
terunzippingandunpackingthesearchiveshave thefollowing directorystructure:

bob ---> bin

grids

postproc

ics

jobs

run

src

test

Hereandin what follows, we usebob to denotethemaindirectory;that is bob is written
for swbobor pebob, accordingto which versionof themodelis used.Thesourcecodeitself
is in thedirectorysrc. Thedirectoryrun containstherun scriptsusedto compilethecodeand
launcha model integration. The model is run in, andthe modeloutput is written to, a job-
specificsubdirectoryof jobs. Filescontainingtheinitial conditionsandtheGaussiangridsare
storedin icns andgrids, respectively, andarecreatedautomaticallyby the grid initialization
scripts.Thepostproc directorycontainsa supportprogramto convert 2-D BOB binaryoutput
files to 2-D netcdffiles.

In additionto thedescriptionof therunscriptsin thefollowing section,theREADME files
thatunpackwith themodelinto themainbob directoryprovidefurtherdetailsof how to runthe
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modelwith varioustestcases.Thesetestcasesaredescribedin section4bbelow.
The codeis written usingthe FORTRAN 77 subsetof Fortran90, with includefiles and

namelistinput parameters.ThemessagepassingusesMPI for interprocessorcommunications.
Fortran90 featuressuchasdynamicmemoryallocationandarraysyntaxnotationhave been
avoidedasthesehaveintroducedperformanceproblemsin thepast.TheFouriertransformsare
carriedout usingFFTPACK 4.0(Schwarztrauber, 1982).

4a. Description of the run scripts

In the run directorytherearethreerun scriptsto generatetheGaussiangrid, the initial condi-
tions,andto launcha modelintegration. In eachof theserun scripts,variousparametersneed
to bedefinedto determinethe resolution,integrationlength,job name,etc. To run themodel
for thefirst time, the rungrid, runic, andrunbob scriptsshouldbeconfiguredandexecutedin
order.

(i) rungrid

Beforethecodecanberun, theGaussiangrid for theappropriateresolutionmustfirst begen-
erated(oneneedsto do this only oncefor a given resolution). Setthe spectralresolutionus-
ing the variableres in the run script rungrid (e.g. T170,T341,etc.). Now executethe script
rungrid: this compilesand builds the executablegridx using the Makefile in bob/src/grid.
TheexecutablecalculatestheGaussianlatitudesandweightsandoutputsthesein thegrid file
GRID.Tres, whereres is the spectralresolution.This grid file is thenmoved to the directory
bob/grids.

(ii) runic

Oncethe grid hasbeengenerated,the initial conditioncanbe computedusingthe run script
runic. Again, set the spectralresolutionin the run script, aswell as the numberof vertical
modellevels,plev1, andthetypeof initial condition,icn (dependenton theparticulartest-case
or integrationto bedone).Now executethescriptrunic: thiscompilesandbuildstheexecutable
inix , usingtheMakefile in theappropriateicn-dependentsubdirectoryof bob/src/genini. The
executableis launchedusingLoadLeveler if the script is runningon AIX, or run directly on
MacOSX.

Theexecutablecalculatesthespectralcoefficientsof theinitial conditionon theprognostic
variablesandoutputsthesein thefile icn.TresLplev.ini, whereicn, res, andplev areasdefined
in runic . Thisfile is thenplacedin thedirectorybob/ics.

1The parameterplev mustbe seteven for the shallow waterequations:by settingplev É*Ê , it is possibleto
run the shallow waterequationsin an uncoupled,stacked, multilevel mode,whereplev definesthe numberof
uncoupledlayersto berun. Settingplev ËÌÊ givestheusualsinglelayershallow watersystem.
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Note that the only horizontalresolutionparameterthat needsto be set is the spectralres-
olution. Thenumberof longitudes,plon is determinedfrom thespectralresolutionin the run
scriptsandplacedin theincludefile, params.h. Fromthisnumber, otherdimensions,suchasthe
numberof latitudesplat, arecomputedin dims.h. Many dimensionsonly involveplat/2, taking
advantageof the hemisphericalsymmetryof the associatedLegendrepolynomials(ALPs) as
discussedin Rivier etal. (2002).In settingthenumberof longitudes,oneneedsto keepin mind
that thenumberof latitudesdividedby 2: plat/2 mustbedivisible by nlat2 sothat thetiling in
physicalspacecanbedonecorrectly(seedetailsof thetiling in section3aabove).

In additionto theinitial conditionfile createdin bob/ics, thescriptrunic alsocreatesa job
directoryjobname in bob/jobs, wherejobname = label.icn.TresLplev.ic, for someidentifierla-

bel definedin runic. Theexecutableinix is runin thisjob directoryandthefollowingdiagnostic
filesarecopied/generatedthere:

runic: acopy of therunscript,
inix.out: an outputfile containingvariousWRITE statementsfrom the code

(standardout),
mpi.err, mpi.out: errorandoutputfilesgeneratedby MPI,

proclog.PE#: output files used for debugging purposes,containing information
from eachprocessingelement(PE).

(iii) runbob

Oncethe initial conditionis generated,onecanrun themaincode. Setthe variousparamters
in therun scriptrunbob to definetheresolution,lengthof integration,timestep,typeof initial
condition,numberof nodes,etc.Theseparametersareusedto createanamelistin aninput file
bobx.in that is readby the main program. Executingthe script runbob createsthis input file,
compilesandbuilds the executablebobx usingthe Makefile in bob/src/model/, andsubmits
theexecutableto thebatchqueueusingllsubmit on AIX or runsit directly on MacOSX. The
executablerunsin the job directorybob/jobs/label.XX.TresLplev. Similar diagnosticfiles as
thosefor runic listedabove areoutputin this directory. In addition,variousmodelfieldsand
physicalquantitiescomputedduringthecourseof the integrationarealsooutputin this direc-
tory. SeetheREADME files providedwith themodelarchive for detailsof thefieldsoutputin
thevarioustestcases.

(iv) Interactive job submission

The two run scripts,runic andrunbob describedabove, run themodelusingtheLoadLeveler
batchsubmissionprotocolthatmaybemachinespecific.For testinganddevelopmentpurposes
wehave includedtwo interactivescriptsrunic interactive andrunbob interactive thatareiden-
tical to runic andrunbob exceptthatthey exit afterthecompilationof thecodeandthecreation
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Figure9: Relativevorticity after160hoursfor theshallow waterbarotropicinstabilitytestcase,
with a resolutionof T341.Contourinterval is
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contoursaredashed.(Fromtheoutputfile bti.T341.z.0040.)

of the job directory. For example,an interactive PBSsessioncan thenbe launchedusinga
commandsuchas

qsub -I -l nodes=4:ppn=2

following theinstructionsissuedby theinteractivescript.

4b. Testcasesolutions

(i) Shallow waterequations

To provide a meansof verifying thecorrectinstallationof thecode,we provide testcasesthat
can be computedand checked againstknown solutions. The first of these,for the shallow
waterequationversion,describestheevolution of a zonaljet from a perturbed,baroclinically
unstableinitial condition. Full detailscanbe found in Galewsky et al. (2003). Themodelis
run for 10 daysfor a fixed valueof the diffusion coefficient, and the resolutionis increased
systematicallyuntil thesolutionhasconvergednumerically. Thevorticity field after160hours
of thisconvergedsolutionis shown in Figure9.

To run the barotropicinstability testcase,the variableicn is setto icn Î bti in the scripts
runic and runbob. The horizontal resolutionand the length of the timestep(as numberof
timestepsper day) shouldbe set in conjunction,the timestepdecreasingfor increasingreso-
lution to satisfytheCFL condition. Typical valuesfor thepair (res, tstd) are(21,36),(42,72),
(85,144),(170,288),(341,576).Thetotal numberof modeldaysto berun canbesetto ndaysÎÐÏ�Ñ . Finally, theorderof thediffusioncanbesetto delorder ÎÓÒ , for ordinarydiffusion,or
delorder ÎVÔ for scale-selectivehyperdiffusion.Having settheorderof thediffusion,anappro-
priatediffusioncoefficient is setautomaticallyin thescript.Thevalues(res, tstd) Î (341,576),
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ndays ÎÐÏ�Ñ , anddelorder ÎÕÒ wereusedto produce9, thedatafor which is outputin thefile
jobname.z.dddd. Also outputfrom themodelarethegeopotentialheightanddivergencefields,
in thefiles jobname.t.dddd andjobname.d.dddd, respectively.

(ii) Primitiveequations

Finally, weprovidebrief detailsof how to runtwo testcaseswith theprimitiveequationversion
of BOB.Thefirst of theseis abaroclinicallyunstableinitial valueproblempresentedin Polvani
etal. (2004).Thesecondis theHeldandSuarez(1994)climatology.

A particulartestcaseis selectedby settingthevariableicn in thescriptsrunic andrunbob:
icn Î ps correspondsto Polvani et al. andicn Î hs correspondsto Held-Suarez.In additionit
is necessaryto definetstd, thenumberof timestepsperday, plev thenumberof vertical levels,
ndays thenumberof daysto beintegrated,anddelorder, theorderof thehyperdiffusionoperator
usedto preventenstrophybuild upat thesmallscales.

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-stepshouldbehalvedfor eachdoublingof thehorizontalresolution.
The numberof vertical levelscanbe chosento be any reasonablenumber, with 20 beingthe
default. Theorderof the hyperdiffusioncanbechosento be2 or 4. Accordingto the defini-
tion delorder thediffusioncoefficient is setto theappropriatevalueto reproducetheresultsof
Polvanietal. (2004).

For a list of all the diagnosticfiles producedduring the integrationof this test case,see
the file README ps in the modelarchive. Among the diagnosticsarefiles of the form job-

name.z.dddd, containingthe relative vorticity field in the whole domainon eachof the days
dddd. Figure 10 shows therelativevorticity at thelowestmodellevel of thePolvaniet al. test
casewith delorder ÎEÔ , ataspectralresolutionof T341,with 20verticallevelsafter10daysof
integration.

For theHeld-Suareztestcasethevaluesof thevariablesthatneedto besetare: (res, tstd)Î×Ö�Ô
ÒÂØ?Ù\ÒÄÚ ; delorder ÎÕÛ ; plev ÎÜÒ�Ñ , andndays ÎÝÏ½Ò\ÑÄÑ . Amongthediagnosticfieldsoutput
from this integration(again,seetheREADME hs for a full list) arethezonalaveragesof the
zonalvelocity andpotentialtemperaturefields in thefiles jobname.u.zavg andjobname.t.zavg
respectively. Thesequantitiesaredefinedat the Gaussianlatitudes,the model levels, andon
eachday. To reproducethecorrespondingfigurefrom HeldandSuarez(1994)thetimeaverage
of thesefieldsis takenover thelast1000daysof theintegration,discardingtheinitial 200day
spin-upperiod.Thesefieldsareshown in Figure11.
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Appendix A – The Vertical Matrices

In addition to the matrices, ï¤ð�ñóòô , ï¤õ ñ�ö , and ï�òõ ñ õ definedby (2.14), (2.16), and (2.17),
usedin the discretizationof the hydrostaticandcontinuityequations,variousother“vertical”
matricesareusedin theformulationof theprimitive equationversionof themodel. For com-
pleteness,thesearedefinedhere. Full detailsof thesematricesandtheir constructioncanbe
foundin Saravanan(1992).

The Öø÷úù�Ï�Ú_ûü÷ matrix ï òõ ñ õ definedby (2.17)hasa generalizedleft inverseï õ ñ òõ with
thepropertyï õ ñ òõ ïVòõ ñ õ Îfý , whereý is the Öø÷�ùóÏ�Ú�ûþÖq÷Vù:Ï½Ú identitymatrix. The ÷�ûÿÖø÷�ùóÏ�Ú
matrix ï õ ñ òõ canbewrittenas:

� ï õ ñ òõ������ ��� Î 	

� 

� ù�� if ��� Î � Ø� � if � � Î � � ÏÄØÑ otherwise� (4.1)

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

Two othermatricesarisefrom theseparationof thepotentialtemperaturefield into a refer-
enceprofile ��� Ö��¾Ú anddeparture� ��Î � ù ��� . Thisseparationis neededfor thepurposesof the
semi-implicit time-steppingscheme,which treatstermsassociatedwith gravity wavesimplic-
itly andthenonlineartermsexplicitly. Thus,wedefinea ÷ÓûóÖø÷aù Ï½Ú matrix ï ö\ñ�� , indicating
theoperationfrom � to the linearizationabout � � Ö��¾Ú of thenonlineartermsappearingon the
right-handsideof thelastequationin (2.3). Thismatrixhastheform� ï ö\ñ�� � ��� � � Î 	� � òð�� "!$#%&('  if � � Î � or � � Î � ù*Ï\ØÑ otherwise� (4.2)

To allow for thecalculationof theselinear termsdirectly from thedensity, the ÷ û²÷ matrixï¤õ ñ)� is thendefinedasthe matirx product ï¤õ ñ�� Î ï öÄñ�� ï¤õ ñ�ö . Similarly we definethe÷ û ÷ matrix ï ð�ñ ô as the matrix product ï ð�ñ ô Î ï�òõ ñ õ ï ð�ñ òô . This allows the direct
computationonmodelfull-levelsof the * �,+ termin theright-handsideof themiddleequation
in (2.3).

A final setof verticalmatricesarisefrom theimplicit treatmentof thehyperdiffusionterms
addedto theright-handsidesof (2.3).First,wedefinethefollowing (implicit) diffusionfactors:-/.10"2"23 Î54�Ï �76 Ò�8:9 - 3<; * � �>= �Ò:?�@BA/C  (4.3)- .10"2"2ð ÎED Ï �76 Ò�8:9 - ð * � @�F C  (4.4)

where Ñ�G 6 G�Ï is theimplicitnessof thescheme( Î Ñ for explicit), 8:9 is thetime step,H is
theorderof thehyperdiffusion,and - 3 and - ð arethehyperdiffusioncoefficients.Theterm =JI Ò
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in (4.3)representsacorrectionappropriateto diffusiononasphereof radius= , andensuresthat
astateof solid-bodyrotationis notaffectedby thediffusion.Wethendefinetwo further ÷�ûÍ÷
matricesbyïLKNM ' .10"2  Î ï õ ñ òõ D ýÿùfÖ 6 Ò�8:9ªÚ � - .10"2O23 - .�0P2O2ð * � ï ð�ñóòô ïVòõ ñ�� F C  ï�òõ ñ õ - .10"2O23 (4.5)ïLKNM ' .10"2 � Î ïQKNM ' .10"2  - .10"2"2ð * � ï ð�ñ ô Ö 6 Ò�8R9ªÚ (4.6)

where ï òõ ñ�� Î ï¤õ ñ)� ï òõ ñ õ . Becausethesematricesareoperatorsin spectralspace(because
of theLaplacians)they alsodependonspectralwavenumber.

All theabovematricesaredefinedin thesubroutineverini.F. Of these,thematricesï¤õ ñ�� ,ïTS ñ õ , ïLKNM ' .10"2  , and ïLKNM ' .10"2 � areusedin the time-steppingsubtroutineadvance.Fandare
storedin theheaderfile vertstruct.h. Thefollowing list indicatesthecorrespondencebetween
theFortranvariablenamesin theprogramandthematricesdefinedabove:

d2dcap U ï õ ñ òõ
dcap2d U ïVòõ ñ õ
d2w U ï¤õ ñ�ö
w2tt U ù ï ö\ñ��
t2gpcp U ï S ñóòô
d2tt U ù ï¤õ ñ)�
nnt2dt U ï òõ ñ õ ï S ñ òô Î ïTS ñ õ
impcor U ïLKNM ' .10"2 
impco2 U ïLKNM ' .10"2 �
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