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and highlights of preliminary results are reviewed. Compar-
ing the simulation results with the corresponding benchmark
simulation performed with a 3D CRM, it is concluded that the
Q3D CRM can reproduce most of the important statistics of
the 3D solutions, including precipitation rate and heat fluxes
at the surface and vertical profiles of the vertical transports of
major prognostic variables. Significant improvements com-
pared to the corresponding 2D simulations appear especially
in the surface fluxes and the vertical vorticity transports. In
the solution of a coarse-resolution 3D CRM that has approxi-
mately the same number of grid points with that of the Q3D
CRM, the low-level moist static energy and cloud water are
over-predicted and the surface latent heat flux is under-
predicted. This is probably due to the inefficient upward
transport of moisture with the coarse-resolution.

The Q3D algorithm is quite successful in simulating the
case where clouds are well organized into a squall-line type.
Idealized squall lines, which have a linear structure, are rath-
er two-dimensional phenomena so that they can be more
easily represented by the Q3D grid system if the system can
recognize their orientation. Having two perpendicular sets
of channels enables the CRM component to recognize the ori-
entation reasonably well. It is less successful, however, for
the case where small clouds are scattered and therefore
cloud circulations are almost purely three-dimensional. It is
not an easy task to successfully simulate the pure 3D case
with a “gappy” grid system. To represent scattered clouds
better in the Q3D MMF, a stochastic component may have
to be included.

In the tests performed, the Q3D CRM is not interactively
coupled with the GCM component because the horizontal do-
main is very small so that the GCM cannot produce any phys-
ically meaningful horizontal inhomogeneity. For large-scale
applications, however, the Q3D network should be coupled
with a GCM grid. Coupling the dynamics of the two models
is important, especially in view of the convergence of the
Q3D MMF to a 3D CRM. In the Q3D MMF, the CRM grid ex-
tends beyond the GCM grid cell so that it can represent
large-scale dynamics and, therefore, the CRM can generate
its own large-sale forcing. To avoid “double counting” of
large-scale dynamic processes, we are planning to choose a

way in which the Q3D CRM is responsible only for calculating
the mean nonlinear effects of the deviations (e.g., eddy trans-
port terms) and most of the diabatic effects due to sub-grid
processes. The netsize-averages of the CRM prognostic vari-
ables are adjusted to the GCM prognostic variables, loosely/
tightly when the GCM resolution is low/high. It is mainly
through this coupling that neighboring parallel channels
can communicate with each other. The communication is
generally statistical but becomes more local as the GCM grid
size approaches the CRM grid size.

The Q3D MMF and GCMs with the unified parameteriza-
tion still represent different families of models although
they converge to the same model, a GCRM, as the GCM reso-
lution approaches the CRM resolution (see Fig. 28). We envi-
sion that the hierarchy of future global models should form a
“Multiscale Modeling Network (MMN)”, which combines the
above two routes as shown by the vertical dashed line in
Fig. 28. With this network, the horizontal resolution of the
dynamics core and that of the physical processes can be indi-
vidually and freely chosen anywhere between those of the
conventional GCMs and CRMs without changing the formula-
tion of model physics.

Fig. 29 illustrates the history of numerical modeling of the
atmosphere. The period of 1950s, which can be characterized
by “Victory of Simplification”, began with the first successful
numerical weather prediction (NWP) by Charney et al.
(1950) using an equivalent-barotropic quasi-geostrophic
model. The period from the 1960s through 2000s, which
can be characterized by “Expansion of the Scope and Diversi-
ty”, began with the development of the early GCMs. A num-
ber of numerical models are subsequently developed for
different scales. From the 2000s to present, there is a tenden-
cy toward “Unification” of these models. The approaches of
MMF and MMN reviewed in this paper expand the unifica-
tion all the way from GCMs to CRMs as shown by the red
bracket in the figure.
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Multiscale modeling of the moist-convective atmosphere is reviewed with an emphasis on the
recently proposed approaches of unified parameterization andQuasi-3D (Q3D)MultiscaleModeling
Framework (MMF). The cumulus parameterization problem,whichwas introduced to represent the
multiscale effects of moist convection, has been one of the central issues in atmospheric modeling.
After a review of the history of cumulus parameterization, it is pointed out that currently there
are two families of atmospheric models with quite different formulations of model physics, one
represented by the general circulationmodels (GCMs) and the other by the cloud-resolvingmodels
(CRMs). Ideally, these two families of models should be unified so that a continuous transition of
model physics fromonekind to the other takes place as the resolution changes. This paper discusses
two possible routes to achieve the unification. ROUTE I unifies the cumulus parameterization in
conventional GCMs and the cloud microphysics parameterization in CRMs. A key to construct
such a unified parameterization is to reformulate the vertical eddy transport due to subgrid-
scale moist convection in such a way that it vanishes when the resolution is sufficiently high. A
preliminary design of the unified parameterization is presented with supporting evidence for
its validity. ROUTE II for the unification follows theMMF approach based on a coupled GCM/CRM,
originally known as the “super-parameterization”. The Q3D MMF is an attempt to broaden the
applicability of the super-parameterization without necessarily using a fully three-dimensional
CRM. This is accomplished using a network of cloud-resolving grids with gaps. The basic Q3D
algorithm and highlights of preliminary results are reviewed. It is suggested that the hierarchy
of future global models should form a “Multiscale Modeling Network (MMN)”, which com-
bines these two routes. With this network, the horizontal resolution of the dynamics core
and that of the physical processes can be individually and freely chosen without changing
the formulation of model physics. Development of such a network will represent a new
phase of the history of numerical modeling of the atmosphere that can be characterized by
the keyword “unification”.

© 2011 Elsevier B.V. All rights reserved.

Keywords:
Atmospheric modeling
Moist convection
Cumulus parameterization
Multiscale modeling
Unified parameterization
Quasi-3D multiscale modeling framework
(MMF)

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264
2. A historical review of cumulus parameterizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
3. Rationale for unification of model physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268
4. ROUTE I for the unification — the unified parameterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

4.1. Identification of the problem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
4.2. Expressions for the eddy transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
4.3. Partial evaluation of the unified parameterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
4.4. Determination of σ and additional comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274

Atmospheric Research 102 (2011) 263–285

⁎ Corresponding author at: Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado 80523, USA. Tel.: +1 970 491 8591.
E-mail address: jung@atmos.colostate.edu (J.-H. Jung).

0169-8095/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.atmosres.2011.08.009

Contents lists available at SciVerse ScienceDirect

Atmospheric Research

j ourna l homepage: www.e lsev ie r .com/ locate /atmos

What CMMAP models will get finished 
in the time available?



Models don’t get finished.  They just get better. 

Global Q3D MMF GCM with Unified 
Parameterization

GCMs with very flexible resolution



Unique Elements

Super-parameterization 

Geodesic Z grid 

Unified System of equations 

Vector vorticity model 

Q3D super-parameterization 

Unified parameterization





The Z-Grid

∂ζ
∂t

= − fδ

∂δ
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∂h
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We use a multigrid method 
to solve the 2D Poisson equations.



No computational modes 
Excellent dispersion properties 

Direct prediction of the vertical component of the vorticity vector



• Yields	
  elas*c	
  solu*ons	
  for	
  large-­‐scale	
  quasi-­‐hydrosta*c	
  mo*on	
  and	
  anelas*c	
  
solu*ons	
  for	
  small-­‐scale	
  nonhydrosta*c	
  mo*on.	
  

• Filters	
  ver*cally	
  propaga*ng	
  acous*c	
  waves.	
  

• Does	
  not	
  introduce	
  approxima*ons	
  to	
  the	
  thermodynamic	
  and	
  momentum	
  
equa*ons.	
  The	
  con*nuity	
  equa*on	
  uses	
  the	
  quasi-­‐hydrosta*c	
  density.	
  	
  

• Does	
  not	
  need	
  a	
  basic	
  (or	
  mean)	
  state.	
  

• Conserves	
  total	
  energy.	
  	
  	
  

• Covers	
  a	
  wide	
  range	
  of	
  horizontal	
  scales	
  from	
  turbulence	
  to	
  planetary	
  scales	
  so	
  
that	
  it	
  is	
  suitable	
  for	
  the	
  use	
  in	
  global	
  cloud	
  resolving	
  models.

The	
  unified	
  system	
  of	
  equa2ons
Arakawa	
  and	
  Konor	
  (2009)



Neumann boundary conditions

3D Poisson Equation for Pressure

Solver performance is poor with Neumann boundary conditions.



VVM

h = 0 at the upper boundary. 

gT is predicted for the top layer. 
Upper boundary condition is w = 0. 

vn is determined from streamfunction and 
velocity potential.  Mean velocity is predicted.

h is predicted at interior interfaces. 

g is diagnosed from gT  and h at layers. 

w is solved from a 3D elliptic equation. 

vn is determined from h and w. 

i is predicted at every interface.

h = 0 at the lower boundary (frictionless case). 
Lower boundary condition is w = 0.



This is a C grid.



Geodesic VVM
Mismatch of degrees of freedom — three horizontal vorticities per 
mass point → computational mode. 

Filter computational mode by predicting curl and div of horizontal 
vorticity, then recovering horizontal vorticity vector by solving 2D 
Poisson equations. 
Predict the curl of the horizontal vorticity vector at the cell centers.  
Palinstophy. 
Predict the  vertical component of the vorticity at the cell centers, 
displaced vertically by half a level. 
Divergence of the horizontal vorticity is minus d/dz of the vertical 
component of the vorticity. 
Divergence and curl can be used to reconstruct both normal and 
tangential components of the horizontal vorticity vector on cell walls. 
Strategy: 

Predict curl(eta) and zeta 
Diagnose horizontal vorticity vector 
Compute w and horizontal winds as in original  VVM 
3D Poisson equation is for w, not p



Alex Goodman is working on this 
in a limited-area framework.



Summary

Unified system entails 3D Poisson equation. 

With current version of SUZI, the Poisson equation 
governs pressure, with Neumann boundary conditions. 

Geodesic VVM motivated by need for Dirichlet boundary 
conditions, which are used with solution for w. 

Prediction of curl and div of horizontal vorticity vector 
motivated by need to avoid computational mode.
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