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Important at the 
loud top:
• Separate numeri
al and physi
al e�e
ts.
• Get intera
tion between large and small s
ales right.E
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tives
moist, 
oolsaturated
dry, warm Ben
hmark 
ase: 2D evaporatively driven 
loud-topmixing layera

• well de�ned, intermediate 
omplexity:stable os
illation, di�usion, thermodynami
s
• a

urate DNS solution available for veri�
ationObje
tives:
→ Verify the LES for the DNS 
ase
→ Quantify sensitivity of solution to numeri
al errorsaJ. P. Mellado, B. Stevens, H. S
hmidt, and N. Peters. Buoyan
y reversal in
loud-top mixing layers. Quarterly Journal of the Royal Meteorologi
al So
iety,135:963�978, 2009.E
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• two-�uid formulation
• thermodynami
 equilibrium

→ Mixture fra
tionb χ 
ompletely de�nes thethermodynami
 state.
• qt = (1− χ) qt,0 + χ qt,1

• h = (1− χ)h0 + χh1

• solve transport equation for χ insteadaMellado, et al., 2010bAlbre
ht, 1987
moist, 
oolsaturated
χ = 0

dry, warm,
χ = 1
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y mixing fun
tion

→ buoyan
y reversal parameter
D = −bmax/bmin = 0.031

→ stably strati�ed ex
eptfor thin unstable sheetE
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• Boussinesq equations

∂ui
∂t

+ uj
∂ui
∂xj

= −
∂π

∂xi
+ ν

∂2ui
∂x2j

+ b(χ)δi3+ SGS
∂χ

∂t
+ uj

∂χ

∂xj
= ν

∂2χ

∂x2j
+ SGS

∂ui
∂xi

= 0

• SGS model repla
ed by 
onstant moleular di�usivity ν

• 2nd-order �ux-limited FV dis
retization on Arakawa-C grid
• 3rd-order Runge-Kutta time integration s
heme
• Tridiagonal Poisson solver for dynami
 pressure perturbation πE
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• penetration length hb

• upper perturbation thi
kness ht
horizontalaverage

=⇒
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kness ht
• superimposition of a stable and an unstable mode
• growth of inversion height due to di�usion and downward transportof dry �uid E
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e
grid res. 1/8 1/4 1/2 [512x1024℄ 2x 4xp [L2] - 1.9991 1.9975 1.9987 1.9976 -p [Lmax] - 1.9948 1.9951 1.9874 1.9508 -
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ht growth rate:
• 89% error on 
oarsest grid (∆z ≈ 1 cm)
→ 
oarsest grid still mu
h �ner than typi
al LES grids (∆z > 1m).
• error < 1.5% on 4x re�ned gridE
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• 
oarsest grid: max errors 40%
• referen
e grid: max errors 9%
• �nset grid: max errorrs < 1%
→ LES 
onverges to DNS solutionE
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• LES shows the anti
ipated 2nd order of 
onvergen
e in this 
ase.
• LES 
onverges to the DNS
• signi�
ant errors at 1/8th of the DNS resolution (89% in verti
algrowth)
→ Spurious mixing in traditional LES due to dis
retization errors at the
loud-top 
an be expe
ted to be of leading order, supporting e�ortsto separate numeri
al from physi
al mixing (Level set).next steps:
• 
ompare 
omputational e�
en
y: 4th order DNS vs. 2nd order LES
• anelasti
 vs. Boussinesq
• DNS vs. LES 
omparison for 3D 
aseE
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Thank you for your attention!
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