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Global modeling landscape, 20XX

moist convection is concerned, only two kinds of model
physics are used at present: highly parameterized and explicit-
ly simulated. Correspondingly, besides those models that ex-
plicitly simulate turbulence such as Direct Numerical
Simulation and Large Eddy Simulation models, we have two
discrete families of atmospheric models as shown in Fig. 7,
one represented by GCMs and the other by CRMs. In this fig-
ure, the abscissa is the horizontal resolution and the ordinate
is a measure for the degree of parameterization, such as the
reduction in the degrees of freedom, increasing downwards.

Naturally, there have been many studies to examine the
applicability of GCMs to higher resolutions as shown by the
horizontal arrow in Fig. 7. Among those studies, the work of
Williamson (1999) is particularly intriguing. The paper
shows that, when the horizontal resolution of the NCAR
CCM2 is increased for both the dynamics and physical param-
eterizations, the upward branch of the Hadley circulations in-
creases in strength and there is no sign of convergence. When
the horizontal resolution is increased for the dynamics but
not for the parameterizations, the solution converges. But
the converged state is similar to that obtained with the
coarse resolution for both so that the increased resolution

for the dynamics is wasted. Together with other evidence,
he concludes,

“the results raise a serious question— are the parameterizations
correctly formulated in the model ? … The parameterizations
should explicitly take into account the scale of the grid on which
it is based.”

Fig. 8 schematically illustrates the difference of model
physics between the two families of models. For a given ob-
served large-scale condition, we can identify the apparent
heat source, Q1, and the apparent moisture sink, Q2, from
the residuals in the large-scale heat and moisture budgets
as in the analysis presented by Yanai et al. (1973). Here the
heat source and moisture sink refer to the source of the sen-
sible heat cpT and the sink of the latent heat Lq, respectively.
In such an analysis, the direction of the lower half of the loop
shown in Fig. 3 is reversed. In spite of this, or rather because of
this, the results are useful to inferwhat the effects of unresolved
moist convection are in the real atmosphere. The left panel of
Fig. 8 schematically shows typical profiles of Q1, Q2 and Q1−
Q2 for disturbed tropical conditions. The difference Q1−Q2

Fig. 7. Two families of atmospheric models currently being used. The horizontal arrow represents attempts to broaden the applicability of GCMs to higher
resolutions.

Fig. 8. Schematic illustration of typical profiles of moist static energy source. The heavy line in left panel: source required for low-resolution models such as GCMs
as suggested by observed large-scale budgets. Right panel: source required for high-resolution models such as CRMs as expected from local cloud microphysics.
Redrawn from Arakawa (2004), his Fig. 9.
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Resolve clouds?
Modest increases in resolution don’t 
improve the simulation of cloud 
processes.  

A cloud-resolving model needs a 
horizontal grid-spacing of 4 km or finer.



Century-scale climate simulation with GCRMs 
will not become routine for a long time.
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• The grid is too coarse to resolve even 
large cumulus clouds.

• The grid is too fine for use with 
parameterizations of deep convection.

In the Grey Zone:

The grey zone starts near dx = 25 km.



The path of least resistance:
Don’t change a thing.
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What happens if we make the grid finer
without changing the parameterizations?

• The fluid dynamics is better resolved.

• Topography and coastlines become more realistic.

• Tropical cyclones start to appear.

• But when we enter the grey zone, the low-
resolution parameterizations become scale-
inappropriate.



Parameterizations Must Be 
Scale-Dependent.

Parameterizations for low-
resolution models are designed 
to describe the collective effects 
of many clouds, including strong 
convective transports.

Parameterizations for high-
resolution models are designed to 
describe what happens inside 
individual clouds.

Increasing
resolution

GCM CRM



Parameterizations Must Be 
Scale-Dependent.

Parameterizations for low-
resolution models are designed 
to describe the collective effects 
of many clouds, including strong 
convective transports.

Parameterizations for high-
resolution models are designed to 
describe what happens inside 
individual clouds.

Increasing
resolution

GCM CRM

So, should we just turn off the cumulus parameterization?



What if we jump up instead?
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one represented by GCMs and the other by CRMs. In this fig-
ure, the abscissa is the horizontal resolution and the ordinate
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shows that, when the horizontal resolution of the NCAR
CCM2 is increased for both the dynamics and physical param-
eterizations, the upward branch of the Hadley circulations in-
creases in strength and there is no sign of convergence. When
the horizontal resolution is increased for the dynamics but
not for the parameterizations, the solution converges. But
the converged state is similar to that obtained with the
coarse resolution for both so that the increased resolution

for the dynamics is wasted. Together with other evidence,
he concludes,
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correctly formulated in the model ? … The parameterizations
should explicitly take into account the scale of the grid on which
it is based.”
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served large-scale condition, we can identify the apparent
heat source, Q1, and the apparent moisture sink, Q2, from
the residuals in the large-scale heat and moisture budgets
as in the analysis presented by Yanai et al. (1973). Here the
heat source and moisture sink refer to the source of the sen-
sible heat cpT and the sink of the latent heat Lq, respectively.
In such an analysis, the direction of the lower half of the loop
shown in Fig. 3 is reversed. In spite of this, or rather because of
this, the results are useful to inferwhat the effects of unresolved
moist convection are in the real atmosphere. The left panel of
Fig. 8 schematically shows typical profiles of Q1, Q2 and Q1−
Q2 for disturbed tropical conditions. The difference Q1−Q2

Fig. 7. Two families of atmospheric models currently being used. The horizontal arrow represents attempts to broaden the applicability of GCMs to higher
resolutions.

Fig. 8. Schematic illustration of typical profiles of moist static energy source. The heavy line in left panel: source required for low-resolution models such as GCMs
as suggested by observed large-scale budgets. Right panel: source required for high-resolution models such as CRMs as expected from local cloud microphysics.
Redrawn from Arakawa (2004), his Fig. 9.
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Multiscale Modeling Framework 
(MMF)

Use simplified cloud-resolving models as “super-parameterizations.”

GCM CRM
Advective Forcing

Heating & Drying



An MMF based on the 
Community Atmosphere 
Model is able to simulate lots 
of things that the conventional 
CAM has trouble with.

SP-CAM



Unfortunately, the current MMF 
can’t take us past the grey zone.
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creases in strength and there is no sign of convergence. When
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the converged state is similar to that obtained with the
coarse resolution for both so that the increased resolution

for the dynamics is wasted. Together with other evidence,
he concludes,
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it is based.”
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physics between the two families of models. For a given ob-
served large-scale condition, we can identify the apparent
heat source, Q1, and the apparent moisture sink, Q2, from
the residuals in the large-scale heat and moisture budgets
as in the analysis presented by Yanai et al. (1973). Here the
heat source and moisture sink refer to the source of the sen-
sible heat cpT and the sink of the latent heat Lq, respectively.
In such an analysis, the direction of the lower half of the loop
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Fig. 8. Schematic illustration of typical profiles of moist static energy source. The heavy line in left panel: source required for low-resolution models such as GCMs
as suggested by observed large-scale budgets. Right panel: source required for high-resolution models such as CRMs as expected from local cloud microphysics.
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The Next-Generation MMF

The two-dimensional grid of the 
original MMF is replaced by a 
minimally three-dimensional grid of 
CRM “channels.”

The periodic boundary conditions of 
the original MMF are eliminated, so 
that the CRM channels extend “all 
the way around” the Earth.

The new MMF is called “quasi-three-
dimensional,” or Q3D for short.



The Next-Generation MMF

The two-dimensional grid of the 
original MMF is replaced by a 
minimally three-dimensional grid of 
CRM “channels.”

The periodic boundary conditions of 
the original MMF are eliminated, so 
that the CRM channels extend “all 
the way around” the Earth.

The new MMF is called “quasi-three-
dimensional,” or Q3D for short.

The Q3D MMF allows convection to propagate across GCM cell boundaries.
It can include the effects of realistic topography. 
It can simulate momentum transport by both convection and waves.
It converges to a GCRM as the GCM’s grid is refined.
The idea has been tested in a regional model,  and is now being tested in the CAM.
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sible heat cpT and the sink of the latent heat Lq, respectively.
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shown in Fig. 3 is reversed. In spite of this, or rather because of
this, the results are useful to inferwhat the effects of unresolved
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Fig. 8 schematically shows typical profiles of Q1, Q2 and Q1−
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Fig. 7. Two families of atmospheric models currently being used. The horizontal arrow represents attempts to broaden the applicability of GCMs to higher
resolutions.

Fig. 8. Schematic illustration of typical profiles of moist static energy source. The heavy line in left panel: source required for low-resolution models such as GCMs
as suggested by observed large-scale budgets. Right panel: source required for high-resolution models such as CRMs as expected from local cloud microphysics.
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Resolution-independent cumulus parameterizations

Updrafts are assumed to occupy
a small fraction of each grid cell.

Low resolution

Convective transport on subgrid scale
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Convective transport on grid scale



Resolution-independent cumulus parameterizations

Updrafts are assumed to occupy
a small fraction of each grid cell.

Low resolution

Convective transport on subgrid scale

A resolution-independent cumulus parameterization must determine    , 
the fraction of each grid cell that is occupied by convective updrafts.  

σ

Some grid cells are 
almost filled by updrafts.

High resolution

Convective transport on grid scale



Flux partitioning

Figure from Akio Arakawa

Numbers and colors show percentage of the total flux due to unresolved processes.

σ

kind of transport should also exist to some extent for
smaller values of s . [Here the ‘‘internal structure’’ refers
to those still resolved by the CRM, not subcloud eddies
such as those discussed by Emanuel (1991)].
Figure 8 is the same as Fig. 7, but for cpT, Lqy, and

Lql, where ql is the mixing ratio of liquid water. From
Figs. 8a and 8b, we see that the vertical transport of moist
static energy is dominated by that of water vapor. From
Figs. 8b and 8c, on the other hand, the transports of water
vapor and liquid water are almost equally responsible
for the vertical transport of total (airborne) water. The
s dependence of the partition between the eddy- and
grid-scale transports of these variables is quite similar
to that for moist static energy shown in Fig. 7.
To see the situation for different values of d, Fig. 9

presents the ratio hw0h0i/hwhi, again at z5 3 km of the
shear case, with the subdomain size d and the fractional
convective cloudiness s. An empty box means that data
are not sufficient for that combination of d and s. The
figure clearly shows that the ratio depends primarily on
s rather than d. This confirms that what matters in
generalizing the conventional cumulus parameteriza-
tion is the dependence on the fractional convective
cloudiness, not directly on the grid spacing. For small
values of s, the total transport is almost entirely due to
the eddy transport regardless of the resolution. This
means that parameterization of the eddy transport is
needed even for moderately high resolutions. For larger
values of s, however, the total transport is primarily due
to explicitly simulated grid-scale vertical velocity.

b. Parameterization of the s dependence of eddy
transport by homogeneous updrafts/environment

We now consider the problem of parameterizing
the s dependence of the vertical eddy transport. In ad-
dition to the assumption s ! 1, most conventional
parameterizations assume that the updrafts and the
environment within each grid cell are individually

FIG. 8. As in Fig. 7, but for (a) cpT, (b) Lqy , and (c) Lql divided by cp.

FIG. 9. The ratio hw0h0i/hwhi (%) for various combinations of
d and s. (The value exceeding 100% that appears at the bottom of
the d 5 8 km column indicates that the ensemble-averaged grid-
scale transport is weakly negative for that combination of s and d,
perhaps because of the existence of stronger convective activity in
the neighboring subdomains.)

JULY 2013 ARAKAWA AND WU 1983

horizontal grid spacing, km

σ

A parameterization of this type is being tested in both the CAM and the GFS.

The percentage depends mostly on    , for a given grid spacing. For large    , 
the percentage is small. 

σ σ



Higher-Order Closure 
As a Replacement for Cumulus Parameterization?
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These equations are resolution-independent and even process-independent.
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These equations are resolution-independent and even process-independent.

Unfortunately, the available closures are neither resolution-independent nor 
process-independent.



Higher-Order Closure 
As a Replacement for Cumulus Parameterization?

∂
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∂ ′H j
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These equations are resolution-independent and even process-independent.

Unfortunately, the available closures are neither resolution-independent nor 
process-independent.

This approach is being tested in the CAM.



At higher resolution, the statistics of the unresolved convection 
become less predictable.

But on the other hand, 

The smallest resolved scales also become less predictable, and

At high resolution, the smallest resolved scales carry a larger 
fraction of the total flux.

Stochastic Parameterization?



Summary of  
Grey-Zone Modeling Strategies and/or Issues

Don’t change a thing.

Turn off the cumulus parameterization.  
Otherwise, don’t change a thing.

Use super-parameterization.

Use the Quasi-3D MMF.

Use a resolution-independent cumulus parameterization.

Use higher-order closure in place of a cumulus 
parameterization.

Include stochastic effects?

It will take years to sort this out.


