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We presentthe results from veri�cation and
convergenceanalysisof adaptive mesh re�ne-
ment(AMR) calculationsfor two differentAMR
codes. Codeveri�cation is extremely important
for science-basedpredictionandsimulation.Pre-
vious veri�cation efforts focusedon the conver-
gencebehavior of uniform grid. With AMR, we
can obtain more accurateresultswith substan-
tially lesscomputationalcost. The ideal goal of
AMR is to achieve the sameaccuracy in the re-
�nementregion as in thecorresponding�ne uni-
form grid. However, testresultsshows thatAMR
may not achieve the convergenceof the equiva-
lent �nest uniform grid. In somecases,numeri-
cal resultswith AMR have evenlargererror than
thosewithoutAMR. AMR canalsotriggeranin-
stability for someapplications.

We have investigated three model problems.
The�rst two have smoothsolutionsandthethird
onecontainsa shockdiscontinuity. All of them
have exact solutionsand representa variety of
problems. We have solved the problemswith
two hydrodynamicsAMR packages:patch-based
AMR-MHD [3] andcell-basedRAGE AMR. In
AMR-MHD, we have testedtwo time-stepmeth-
ods:localstepwherethetimestepvarieswith the
re�nement level andlockedstepwherethesame
stepsizeis usedfor all re�nementlevels.

The�rst modelis a linearwaveproblemwhich
advectsa Gaussiandensitypro�le along the di-
agonalof a rectangulardomain. Figure1 shows
that oneAMR calculationby AMR-MHD pack-
ageachievesthesameaccuracy asthe �nest uni-
form grid. Figure 2 shows the performanceof
RAGE AMR. We seethat only a few AMR cal-
culationsachieve betterperformancein L¥ error.
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Figure 1: Error vs. Time for AMR-MHD. AMR
with local or locked step(802AMR(1)) achieves
accuracy of the �nest resolution grid (1602).
AMR(n)denotesAMRwith n-level re�nement.
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Error versus D x at t=1 for wave problem
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Figure 2: Error vs. local spacingfor the RAGE
AMR calculation. Thesameerror with a larger
Dx meansbetter convergence. Two abnormal
things: three-level re�nementfor 1002 basegrid
(shownas1002AMR(3))haslargererror thanone
or two level re�nement; 1-level AMR for 4002

basegrid haslarger error thanwithoutAMR.

Thesecondmodelproblemis avortex advected
along the diagonalof a rectangulardomain. It
hasexactly the samedensitysolutionasthe lin-
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ear wave problem. However, the velocity �eld
and pressureare not constant,and the problem
becomesessentiallya nonlinearproblem.Figure
3 shows the impact of nonlinearity throughthe
resultsof the AMR-MHD package:AMR with
lockedstephaslargererrorthanAMR with thelo-
cal step,andevenhaslargererrorthanthecoarse
grid without AMR after sometime. Our results
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Figure 3: Error vs. Time for vortex problems.
AMRwith lockedstephaslarger error thanwith
local step. It evenhas larger error than coarse
uniformgrid after t=50.

with RAGEAMR for thisproblemexhibit greater
errorsthanfor thelinearwaveproblemdueto the
nonlinearityof theproblem(see[1] for detail).

The third exampleis Noh's shocktube prob-
lem. For planarNoh's problemsolvedon Carte-
sian grid, AMR-MHD achieves accuracy of the
�nest resolutiongrid, whereasRAGE AMR di-
vergeswith morere�nementlevels.Thespherical
Noh's problemis solvedon (r;z) cylindrical grid
wherewe observeda numericalshockinstability,
thecarbunclephenomenon,in bothAMR results
with threeor morere�nement levels (seeFigure
4). Thisanomalywasalsoobservedby Gisler[2].

Our comparisonof thesetwo AMR codeson
theseproblemshasraisedseveral issuesregard-
ing theeffectivenessof RAGEAMR code;see[1]
for moredetails. Someissueshave alreadybeen

Figure 4: Densityplot for different re�nement
levels of the same�nest resolutionsfor Noh's
sphericalproblem.Thethree-levelre�nementhas
a densitybubblestraddlingtheshock nearr = 0.

addressedby thecodedevelopmentteam.
We have alsofoundtwo AMR convergenceis-

suesthatmayoccurin a generalAMR code: (1)
AMR with locked time step has larger disper-
sion (phase)error than corresponding�ne uni-
form grid. (2) AMR can trigger the carbuncle
instability at shockfront for cylindrical (r;z) co-
ordinatenearz-axes.Both issuesneedfurtherre-
search.
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