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1 I NTRODUCTI ON

Startingwith Winingoff [1968] followed by many
others, Arakawa and Lamb [1977] it was under-
stood that the choiceof the variablesdistribution
i.e. the choiceof the grid hasthe major influence
in thesimulationof thegravity-inertial wavesprop-
agation. Aside from gravity-inertial wavespropa-
gation it turnsout that propagationof long waves,
namelyRossbywavesis alsoaffectedby thechoice
of the grid. Papersby Mesinger[1979], Wajsow-
icz [1986] and Gavrilov and Tosic [1999] among
othershave clearly demonstratedthat point. The
geostrophicadjustmentproblemin theextremecase
of a single point forcing deserves special atten-
tion since, in a model, the so-calledphysics is
usuallyactive on exactly that, the smallestresolv-
able scale. To investigatethat Arakawa [1972],
Mesinger[1973] and Janjic and Mesinger[1989],
hereafterJM, performedthe so-calledSource-Sink
(S-S)experiments,whereinonesimulatespointdis-
turbancesof thestratifiedfluid by adding/removing
waterwithin the shallow water framework for dif-
ferentrangesof theratio 
���� . For theequationsand
grid distributions for 	 and � grid, seeMesinger
andArakawa [1976]. Randall[1970] hasanalyzed
gravity-inertial wave propagationwith divergence
andvorticity astheproblemvariables.Thisenables
him to consideryet anothergrid distribution,which
he calls the � grid. In his paperhe advocatesthe
useof the � grid sinceit hasexcellentpropertiesre-
gardinggravity-inertial wavespropagation.Evenin

the region of 

������� wheretwo othermostoften
usedgrids, 	 whichhasveryseriousproblemswith
phaseandgroupspeedsand ����� ashestateshave
moderateproblems,the � grid behavesverywell.

2 THE SOURCE-SI NK EXPERI M ENTS

TheJM paperwasconcernedwith theperformance
of thestaggered	 andsemi-staggered� gridswith
respectto the singlepoint forcing within the shal-
low waterframework. In orderto judgethesuccess-
fulnessof a grid in the processof the geostrophic
adjustment,authorshave proposedthat the ”true”
solution is the one that would have beenobtained
whentheforcingareais representedwith very large
numberof grid points. In their paperthat wasac-
complishedwith the sequenceof threeresolutions,
progressively finer, of 250, 125 and 62.5 kilome-
ters,spanningthesameforcing areaof 250by 250
kilometers.Thoseresolutionsresultedin represen-
tation with 1, 4 and16 pointsof the forcing area,
respectively. Regarding the 

��� ratio JM experi-
mentswherein the rangeof 4, for the singlepoint
forcing and8, 16 and32 for thehigherresolutions.
If one follows, for instancethe height of the sink
point (area)at theendof 24 hoursintegration,their
simulationsshow quitereasonableindicationof the
existenceandalsoof the valueof the convergence
point, the ”true” value. During the whole conver-
genceprocess,in comparisonto the”true” solution,
the 	 grid exhibits systematicovershootingwhile
the � grid shows systematicundershooting.JM ar-
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gue that this lack of goodperformance,for the 	
grid is theconsequenceof thewrongrepresentation
of theCoriolis force.For the � grid, they arguethat
theoverestimationof thesink’sheightis theconse-
quenceof thegrid separation,since � grid hastwo
	 grids asits sub-grids.Finally, in the caseof the
� grid additionalinfluencecomesfrom themodifi-
cationterm,which is introducedexactly to prevent
separationbetweenthe two 	 sub-grids(Mesinger
[1973], Janjic [1974] and Janjic [1979] ). Quali-
tatively suchbehavior could be predictedfrom the
ratio of the amplitudeof the wave solution,corre-
spondingto thegeostrophicpart,andtheamplitude
of the wave componentof the initial disturbance.
Formally the samecould be obtainedas the ratio
of the amplitudesof the vorticity anddivergence.
We preferthis ratio asa meaningfulparameterfor
the following reasons.The final heightfiled is the
consequenceof theadjustmentprocesswhereinpart
of theheightdisturbancedispersesthroughgravity-
inertialwavesandpartcreatescyclonic/anticyclonic
circulationthatstaysaroundtheforcingareas.With
strongervorticity andsmallerdivergencethe hight
in the sourceareawill be higher. thereforewe ex-
pect a deeperdepthof the sink region. Therefore
the ratio of vorticity and divergence( ����� ) is the
key in understandingsandexplanationof theresults.
But to get (simulate)this ratio right both,(� and � ,
shouldbedoneright. Thatratio, for thecontinuous
case,is
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The correspondingfinite differenceanaloguesfor
thethreegrids,consideredin thispaper, are
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Sinceweareprimarily interestedin thesinglepoint
forcing we will analyzethe ratio ����� for theshort-
est resolvable scalesand how does it dependon

the 
���� ratio. For the 	 and � grids we have
then

& � � (E� �NM while for the � grid we have& � � (L� �OM . With thesevaluesratio ����� is 0, 1
and �P� % ���RQS
 � ��� � * respectively for 	 , � and �
grids. Note that only for the � grid this ratio de-
pendson ld ratio. With the correspondingvalues
for the continuouscasethe following relationsare
valid

7 ����� < 	T� 7 ����� <VU � 7 ����� < �W� 7 ����� < � . From
the previous argumentationlarger ����� , compared
to thecontinuouscasemeansover sizedhills in the
sourceareaandtoodeepwholesin thesinkarea.In
the caseof the � grid since

7 ����� <YX � 7 ����� < > we
know immediatelythat the situationshouldbe the
oppositein comparisonwith the 	 grid. We have
to notethatwith the � grid situationis morecom-
plicateddueto theactionof themodificationterm.
Although,strictly speakingthemodificationis nota
”part” of the � grid oneshouldreally considerit as
the � grid’s integral part sinceyou alwayswant to
preventsub-gridseparation.In thatcasemagnitude
of theerrordependson theparametersof themod-
ification term. SeeJM for moredetaileddiscussion
of theinfluenceof themodificationtermandits de-
pendenceon thetime step.We will alsocomeback
to this point as we discussour resultsfor various

���� ratios. Finally, from 4 we seethat the � grid
shouldbeon the � grid sidebut lesserroneous.

Still theseareonly preliminary ideasand to com-
pletethe JM analysisof responseof variousgrids,
to thesinglepoint forcing, we have performedand
analyzedtheS-Sexperimenton the � grid aswell.
In orderto makefull comparisonswehaverepeated
the S-Sexperimentson the � and 	 grid covering
wider rangeof valuesfor the 

��� ratio. To check
our codewe have first repeatedthe JM experiment
usingthe samevaluesof all parametersasin their
paper. But sincethe ideaof this paperis to cover
wider range in the 
���� ratio we have adopteda
slightly different choiceof parameters.Again we
have the sequence,now of four progressively finer
resolutionsstartingwith 500km andgoingdown to
250, 125, 62.5km. The valuesfor 

��� ratio were
4 , 2, 1, 0.5 and0.1. To get thosevalueswe hadto
choosedifferentmeandepthswhosecorresponding
valuesare4000,1000,200,60 and2.5 meters.To
ensurevalidity of the linear approachand mutual
scalability the strengthof the forcing was chosen
as 0.2 of the correspondingmeanheight. Finally
we would like to point out a small differencebe-
tweenJM form of thecontinuityequationandours.
In their paperthe continuity equationwas written
in the flux form, retainingits non-linearity, which
enablesthemto have moreaccurateform of its fi-
nitedifferenceanalogue.Wehavelinearform of the
continuity equationon the � grid, thoughstill fol-



lowing the ideasaboutcross-diagonalfluxes. This
might worsenslightly the � grid resultsbut since
theanalysison the � grid will bestrictly linearwe
adoptedthe linear form for the continuityequation
for all grids. In this mannerwe hopedto put all
grids on asequalfooting aspossible. The coreof
our resultsis presentedin Figure1 andFigure2.

Threepanelsin 1 and two panelsin 2 are for five
consideredvaluesof the 
���� ratio, for the single
point forcing. In eachpanel,we have plotteddif-
ferencebetweenthe meandepthof the sink point
and the meanfluid height. The meanis over the
numberof thegrid pointsthatspantheforcingarea.
On abscissawe presentfour resolutionsin km and
the corresponding
���� ratio for that resolution,or
morepreciselyfor thatd sincethedepthis constant.
Again,the”true” valueis themeanof thesinkdepth
for all threegridsandfor thehighestresolution.The
first 

��� ratioshowsthe”canonical”positionsof all
threegrids.The � grid overestimatesthesinkdepth
comparedto the ”true” solution. The � grid also
overestimatesthesinkdepthbut evenmorethanthe
� grid. The third grid, the 	 grid underestimates
it.The absoluteerror for 	 , � and � grid is -5.4,
-10, and-8.9 meters,respectively. The correspond-
ing relative errorsare-20.9,47 and31.8. All three
grids increasetheir accuracy substantiallyfor the
next resolutionFor the next 

��� ratio,

% 

��� � ? *
we seethat now, for the poorestresolution,the �
grid givesdeepersink thanthe � grid, while the 	
grid is againunderestimatingits depthbut now is
closest,of thethreegrids,to the”true” depth.This
result,thissequencein thedepthsof thesink,is par-
tially the consequenceof the modificationtermfor
the � grid. Without it sequencewould bethesame
asin thefirst case.For thehigherresolutions,things
arebackto ”normal” concerningrelative deepness
of the sink. The � and the � grid are almoston
top of eachother. Again, the improvementis large
with the next higherresolution.For the third case,% 

��� � � * the � grid goeson theotherside,mean-
ing thatit now predictsshallowersinkthatthe”true”
one and is now in that sensetogetherwith the 	
grid. Looking at how closearedepthsto the true
onethe � grid is now leadingthegamewith the 	
grid assecondandthe � grid at theend.In thenext
panel,( 
���� =0.5)theorderbetween	 and � grid is
reversedwith 	 grid now leadingwith � beingthe
secondand the � grid the third. For the last case
( 

��� �[Z � ) the � grid doesnot recover even for
the highestresolution. It is clear that singlepoint
forcing is very difficult problem for all grids but
it is interestingthat the � and � grid show faster
improvementwith the increaseof the resolutionin
comparisonto the 	 grid (exceptfor the � grid in
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Figure1: Ratio ����� , top to bottom,for thevaluesof

���� 0.1,0.5and1
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Figure2: Ratio ����� , top to bottom,for thevaluesof

���� 2 and4

thelast, 

��� �)\�Z � , case)

3 CONCL USI ONS

The � grid, with thecorrection,hasshown thebest
resultsfor the 

��� � � case. For othervaluesof

���� the other two grids were better. Without the
correctionthe � grid is alwaysthe worst, creating
too deeplows. The 	 grid consistentlyovershoots
while the � grid undershoots.Finally the absolute
erroris similar for � and 	 grids.
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Mr Vladimir Djurdjević, Departmentfor Meteorol-
ogy, College of Physics,BelgradeUniversity Do-
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