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Nonhydrostatic 3-D Models

- Anelastic models:

The sound-wave mode is filtered out but, when the momentum equation is used,
extra effort is required to obtain a pressure field that is consistent with the use
of the anelastic continuity equation.

- Fully compressible models:
The sound-wave mode exists and it must be properly handled numerically.

Mostly, the development work is directed towards the sophistication of
existing models in cloud physics parameterization.



Anelastic 3-D Model

e Usual approach:

momentum equation: = =—V(C 9071')+F ; 9o i+V-V, = (—— )R/

dt at POO

continuity equation: V. (POV) -0
pressure equation: \%& (C 0 TE) = source terms

® Our approach:

Since the pressure field is passive to the field of motion if it is anelastic,
the vorticity equation, in which the pressure gradient force is eliminated,

expresses relevant dynamical processes more explicitly than
the momentum equation.

When the vorticity equation is used, computational design and interpretation
of results can be more straightforward.

The use of the vorticity equation is common in 2-D anelastic models but

not in 3D models. Our approach is unique in using the 3-D vorticity equation
instead of the 3-D momentum equation.



Dynamical Framework of the Model

® Continuity equation: i(pou) + i(PoV) + i(PoW) =0
0x dy 0z
® Definition of vorticity: p &= a—w — ﬁ, RE du_ a_w, pC= dv_ou
dy 0z dz OX ox ady
3 s Ance stretching twistin
® Vorticity equations: offect 8 effectg
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Dynamical Framework of the Model (Continued)

® Updating the vertical component of velocity:

- at the upper boundary: u= &y + o and v= oy + o "’ SR {URELON
dy Ox ox Oy x: velocity potential
oy 'y 2 ) 19
aXZ + ayz o pOC.w (aXz + ayzjx - po aZ (pOW)
—xy —Xy
(i) A PR I T
ot P, 97 ot P, 907

- below the upper boundary:
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Dynamical Framework of the Model (Continued)

® Advection of vorticity components and scalar variables:

The model has a flexibility to choose from a family of scheme by changing a single
parameter, including a quadratically-conserving 2nd-order scheme, a quadratically-
bounded partially 3rd-order scheme, and schemes in-between.

Assume U > 0 everywhere. o=0 o=1
[ 200 B
aqi o 1 {Ui+1/2 (qi+1 +(, ) B 7 [Ui+1/2 (qi+1 —q ) - \/Ui+1/2 \/Ui_1/2 (CL — 49, )]}
ot  2d 20,
_{Uil/z (q1 +qi—1)_7[U1 1/2 q —q._ 1 \/U1 /2 \/U1 3/2 q..,— 9. 2)]}

In the equation, U is obtained from the velocity component ﬂL
u following J6 which is a second-order enstrophy conserving
(but formally not energy conserving) Jacobian.
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Thus, even when o, =1, the scheme is partially third order for
non-uniform flow.
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Model Physics

® Column physics:
No modification from the 2-D model (UCLA/CSU/University of Utah CRM).

- bulk ice-phase microphysical parameterization
(Lord et al., 1984; Krueger et al., 1995)

- solar and infrared radiation parameterization
(Fu et al., 1995)

® Surface fluxes: Flux-profile relationships (Deardorff, 1972)

® Turbulence:

First-order closure (deformation and stability dependent K; Shutts and Gray, 1994)



Experiments

The emphasis of this presentation is to demonstrate the computational performance
of the model as well as to gain understanding of basic convective processes from the
point of view of vorticity dynamics.

Exp 1: Simulation of a rising bubble using the 2nd-order scheme with a rigid
upper boundary at 15 km, no buoyancy, no shear and no friction.

Exp 2: Same as Exp 1 but using the partially 3rd-order scheme.

Exp 3: Same as Exp 2 but with buoyancy in a neutral environment.
Exp 3S : Same as Exp 3 but with a uniform vertical shear of basic current.

Exp 4: Same as Exp 3 but with a rigid upper boundary at 30 km with
isothermal stratification between 15 km and 30 km.

Exp 4S : Same as Exp 4 but with a shear up to 15 km as in Exp 3S.

Exp 5: Same as Exp 4 but with full physics.
Exp 5S : Same as Exp 5 but with a shear as in Exp 4S.




Exp 1: Simulation of a rising bubble using the 2nd-order scheme with a rigid
upper boundary at 15 km, no buoyancy, no shear and no friction.

Exp 2: Same as Exp 1 but using the partially 3rd-order scheme.

Initial condition: Generated by an ellipsoidal buoyant bubble

0-0, zonal velocity vertical velocity
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Grid size: 250 m
Time differencing: Second-order Adams-Bashforth
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Potential Vorticity
EXP 1 (2nd-order vorticity advection)
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This quantity is supposed to be conserved

for an axisymmetric flow when time is continuous.

32

potential vorticity: The azimuthal component of vorticity
divided by the distance from the axis
of symmetry and density.
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Potential Vorticity
EXP 2 (partially 3rd-order vorticity advection)
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EXP1

(Second-order acvection)
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(Partially 3rd-order advection)
10 T T ' T T
—" ]
8 —— KEV
6 ]
4 o -
o o o T
0] 20 40 60 80 100
TIME [min.]
12 | 1 T
9r ]
6 ]
3r i
0 n I
0] 20 40 60 80 100
TIME [min.]
12 | | ! | |
9t ]
\
6 L o
3r ]
0 L P T T S I T N N )
0] 20 40 60 80 100

TIME [min.]



Exp 3 : Same as Exp 2 but with buoyancy in a neutral environment.
Exp 35S : Same as Exp 3 but with a uniform vertical shear of basic current.

Exp 4 : Same as Exp 3 but with a rigid upper boundary at 30 km with
isothermal stratification between 15 km and 30 km.

Exp 4S : Same as Exp 4 but with a shear up to 15 km as in Exp 3S.

EXP 3 &4

Initial condition: Generated by an ellipsoidal buoyant bubble

6-6, zonal velocity vertical velocity

2.5 [T T A A T A A TR AT TR AT A TR AT TR 25 [T T A A T A A TR R R R 25 [ I I R R AT R TR
20. 20. 20
j : - Uo : :
,\15' - Aisé - A15-
€ [ ] E [ ] € [
N'°:' ' N‘Oﬁ: - N1o:-
S ] 5 pub o 9 ] St
[ (@) ] [ ] [

@llonnlannlaonnlnimennlannlonallnanl o'...|...|...|gh.|.(°7|...|...|...' @llonnNanalannloisrmanlannloanllnnn

0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

X (km) X (km) X (km)




Z (km)

t=26min.

(at the center of y-domain)
Meridional Component of Vorticity (1 )

t =40min.
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Development of asymmetry between positive and negative vortices in EXP 3S.

t=70min.
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(at the center of y-domain)

EXP 35S

t=26min. t=40min. t=70min.
Meridional Component of Vorticity (N-1o )
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Zonal Wind (u-ug)
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Deceleration of zonal wind where convection is active.



EXP 3S
Vertical Component of Vorticity ({ ) and Zonal Wind ( u-u,)
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EXP 3S
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ALl of three components of vorticity are inwvolved so that the motion 1is purely 3D.



EXP 3S

C Generation Terms (10°m*kg™s™)
(accumulated effects up to t =26 min./ zonal mean)
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At the lower level, the flux convergence term almost compensates the twisting term,
indicating that circulation carries the twisted effect upwards.



Initial zonal flow

) , Generation of C through twisting
and local vertical velocity

and local deceleration of zonal flow
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(at the center of y-domain)
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Z (km)

Meridional Component of Vorticity (1 )
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Summary and Conclusions

e A model for simulating convection using the 3-D vorticity equation is developed
and has successfully been tested without and with physics.

® |tis demonstrated that the partially 3rd-order quadratically-bounded advection scheme
effectively controls computational noise by keeping dispersion errors small.

e Using the simulated results, the interactions between 3-D motions generated by the
convection and basic shear flow are studied from the point of view of vorticity dynamics.

— Without moist physics, it is shown that the rising bubble under basic shear flow
induces local deceleration through the twisting effects on vorticity components.

— With moist physics, the deceleration takes place stepwise, probably due to
stepwise reorganization of updrafts and downdrafts.



Relaxed Anelastic Balance

’

0 0 0
a[?[ + a_x(pou) + g(pOV) + g(pow) =0
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ox>  dy’ dz| p, 9z Po dz\ dt p, TbE ox Po ay

Approximately,
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where cis the speed of sound wave.

® Continuity equation:

Since our interest is in the near-equilibrium state, we can replace the wave
equation by a diffusion equation that shares the same equilibrium solution,

aw|_ 82+82 W+8 18( _ a_ d
2 ot x> dy’ dz| p, 0z Po Po ox Po ady

where LU defines the time scale for adjustment toward anelastic balance.




