
Physics-Dynamics Coupling in  
Super-Parameterized Models



“Dynamics” refers to fluid dynamics that is explicitly simulated on the grid.

“Physics” refers all other processes, which have to be parameterized.

Dynamics

Physics

The yin and yang of climate modeling
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Small-scale dynamics
Much of what we have to parameterize is actually small-scale dynamics.

Even non-dynamical processes like microphysics (including aerosols) and 
radiative transfer are much more difficult to parameterize because of the 
existence of small-scale dynamics.



Physics-Dynamics Coupling in  
Conventional GCMs
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Where does the computer time go?

50%

50%
This is changing.

Dynamics

Physics



Scale Separation

“Consider a horizontal area … large enough to contain an ensemble of 
cumulus clouds, but small enough to cover only a fraction of a large-
scale disturbance. The existence of such an area is one of the basic 
assumptions of this paper.”

-- AS 74
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Quasi-Equilibrium

“When the time scale of the large-scale forcing, is sufficiently larger than the 
[convective] adjustment time, … the cumulus ensemble follows a sequence of 
quasi-equilibria with the current large-scale forcing.  We call this … the quasi-
equilibrium assumption.”

— AS 74





Deterministic, diagnostic 
parmeterization

F

C

C(t) = R[F(t)]



Delayed response

C(t) = R[F(t −τ )]

t

With rapidly changing conditions, equilibrium is not possible, 
but the convection can still be deterministic.



Non-Deterministic Convection

C(t) = R[F(t)]
C

F

Expected value



Periodic “forcing”

[34] In this example, large, organized mesoscale clusters/
lines have produced precipitation via outflow lifting. The
clusters persist for less than an hour. Many of the simula-
tions produce similar linear mesoscale features.
[35] There is even larger‐scale organization in a few

instances. This is illustrated in Figure 6. In the case of F16
(Figure 6a) for a point where the large‐scale forcing is
locally maximized, the band of organized convection spans
the entire width of the domain and moves as a cohesive unit
from north to south. It is likely that the presence of this
feature is the reason for the slightly broadened precipitation
peak that immediately follows this point in the simulation.
In the snapshot of theF120 simulation (Figure 6b), there is
another large band of organized precipitation/convection in

the northeast section of the domain. The feature is over
150 km from east to west, and is preceded by an outflow
boundary as shown in F24 (Figure 5). Some simulations
produce rotating convective systems (not shown).
4.2.2. Composite Analysis: Full Domain
[36] For the 15 realizations in each case, the results are

averaged and the standard deviation across the realizations
is determined. The standard deviation can be interpreted as a
measure of the predictability of the simulated systems. To be
clear, this is the standard deviation across realizations, rather
than the spatial standard deviation at a point in time.
A stochastic parameterization would generate the statistics
corresponding to a particular realization.

Figure 6. As in Figure 5. Snapshots from (a) F16 and (b) F120.

Figure 5. Snapshots and time series from F24.
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Global modeling landscape, 2000

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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At high resolution, parameterize less.



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.



Parameterizations for low-
resolution models are designed 
to describe the collective effects 
of  ensembles of clouds.

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

Increasing
resolution

GCM CRM

Heating and drying 
on coarse and fine meshes

Expected values --> Individual realizations



Three issues with conventional 
parameterizations at high 

resolution:

• There aren’t enough clouds in a grid 
column to justify a statistical treatment.

• The “resolved-scale forcing” changes 
too quickly for a diagnostic 
parameterization to work well.

• Convective transports become less 
important, and microphysics dominates.



Increasing resolution 
makes these problems worse.

• Smaller grid cells contain a 
smaller sample clouds.

• Smaller weather systems, 
resolved by finer grids, have 
shorter time scales.



Three Ways to Use Cloud-Resolving Models  
To Improve Global Models

• Test parameterizations and suggest 
ideas

• Replace parameterizations (super-
parameterization)

• Become the global model (global 
cloud-resolving model)



• Uniform global horizontal grid spacing of 4 km or better

• Parameterizations for microphysics, turbulence (including small 
clouds), and radiation

Global Cloud-Resolving Models



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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GCMs

GCRMs

Global cloud-resolving models

How do we get there?



A GCRM requires thousands of times as many floating point operations as a 
conventional climate model of today. 

Climate simulation with a GCRM becomes possible if a substantial fraction of 
an exaflop machine can be efficiently focused on a single simulation.



While we wait for that to happen…



One way forward

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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GCMs

GCRMs

It’s easy to increase the resolution without changing the parameterizations.



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 eventually, we hit a wall.

A number of good things:



Error versus resolution 
without changing the parameterizations

Error

Horizontal Grid Spacing

200 km 20 km 2 km

NWP
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0

For climate, the physics errors eventually become dominant.
To reduce them, we need to change the parameterizations.



What if we jump up instead?

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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Super-Parameterization

Multiscale Modeling Framework

The CRMs are 2D, and are confined within GCM grid columns.  They use periodic 
lateral boundary conditions. 

Because the CRMs are 2D, we don’t include momentum feedback to the GCM.



What’s different?

• The equation of motion

‣ No closure assumptions

‣ No triggers

‣ Mesoscale organization

• CRM memory

‣ Delay in convective response

‣ Sensitive dependence on initial 
conditions

• Almost embarrassingly parallel
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Short physics time steps are good.

Example from Kalnay & Kanamitsu 1988
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Super-parameterization is expensive.

99%

1%

Dynamics

Physics

Such a model is well suited to massively parallel machines.



Scaling
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Strong scaling: 
The time to solution decreases as the reciprocal of the processor count. 

Column physics scales strongly because all columns are independent; no 
communication is needed.

Load balancing doesn't affect this conclusion because the percentage of idle cores 
is independent of resolution.

Weak scaling: 
The time to solution stays the same if the processor count increases in 
proportion to the problem size.

Dynamics scales weakly per time step.  

But the number of time steps required for a given simulation length increases 
as the resolution increases.



Minimizing the Wall-Clock Time

Dynamics
Nodes

Physics Nodes

MPI

Model architecture should be designed to take advantage of the 
strong scaling of the physics.



The choreography
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The CRM can’t drift away from the GCM.  
This conclusion depends on both the forcing and the 

feedback.



Scale-Dependence and Convergence

Existing models, including the MMF,  do not converge to cloud-
resolving models.
Can we create models that are resolution-independent and 
convergent?



One way to do that

Joon-Hee Jung Akio Arakawa



Quasi 3-D Multi-scale Modeling Framework

Original MMF Q3D MMF

z

x

y

z

x

y

• The 2-D CRMs are replaced by 3-D CRMS, applied to narrow “channels.” 

• Each channel encircles the whole planet, like a belt, eliminating the artificial 
periodic boundary conditions of the individual CRMs in the original MMF. 

• Two (or three) channels cross each other in each GCM grid cell.

• The channels do not actually intersect; they communicate only through the GCM.

Shaded areas: gaps of the grid network
GCM grid cell GCM grid CRM grid for prediction CRM ghost-grid

In the Q3D MMF:



Coupling the CRMs with the GCM

• Within each GCM cell, the channel-averages are nudged toward the GCM 
values.  This is the “forcing.”

• The nudging time scale is the advective time scale based on the GCM winds 
and the GCM grid spacing.

• Within each GCM cell, the channel-averaged sources and sinks of energy, 
moisture, and momentum are provided as feedbacks to the GCM.
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GCM grid 
CRM grid 

GCM grid cell 
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Decomposition of Variables in the CRM

Decomposition: q = q + q
:  background is interpolated from GCM

:  deviation is cyclic across the channel

q
q

q: a CRM variable 

qq q q q

qq q q q

The CRM recognizes the inhomogeneity across the channel, 
which is predicted by the GCM. Hence, Q3D.



Dynamics and Physics of the Q3D MMF

The dynamical cores of the GCM and the CRM are based 
on the same set of equations and use the same vertical 
coordinate.
‣ Nonhydrostatic 3-D model
‣ Vector vorticity equation for dynamics (Jung & Arakawa, 2008)
‣ 3-D elliptic equation is solved for vertical velocity
‣ Bock-mountains

Physical processes are parameterized in the CRM.
‣ Microphysics parameterization
‣ Radiation parameterization
‣ Turbulence parameterization

The GCM performs the overall prediction and should be 
considered as the principal component of the Q3D MMF.

The CRM is the “physics.”



Convergence
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Fig. 11. Examples of grid-point arrays used in the Prototype and
Q3-D MMFs.

the GCM and the GCM recognizes only the domain-averaged
values of the CRM results.
The Quasi-3-D (Q3-D) MMF we have developed is an

attempt to broaden the applicability of the prototype MMF
without necessarily using a fully three-dimensional CRM.
The horizontal domain of the Q3-D MMF consists of a net-
work of perpendicular sets of channels, each of which con-
tains grid-point arrays as shown in Fig. 11b. The grey areas
in the figure represent the gaps of the network. For com-
puting efficiency, the gaps are chosen to be large by using a
narrow width for the channels, barely enough to cover a typ-
ical cloud size in the lateral direction. Thus, a channel may
contain only a few grid-point arrays, whose minimum num-
ber required for resolving local 3-D processes is two as in
Fig. 11b.
Because the channels are so narrow, it is crucial to select a

proper lateral boundary condition to realistically simulate the
statistics of cloud and cloud-associated processes. Among
the various possibilities, a periodic lateral boundary condi-
tion is chosen for the deviation from a background field ob-
tained through interpolation from GCM grid points. We de-
sign the coupling of the two grid systems in such a way that
the deviation vanishes as the GCM grid size approaches that
of the CRM. Thus the whole system of the Q3-D MMF can
formally converge to a fully 3-D global CRM as schemati-
cally shown in Fig. 12. Consequently, the horizontal reso-
lution of the GCM can be freely chosen depending on the
objective of application without changing the formulation of
model physics. For more details of the Q3-D algorithm, see
Jung and Arakawa (2010).
To evaluate the Q3-D CRM in an efficient way, ideal-

ized experiments are performed using a small horizontal do-
main. First, benchmark simulations are made using a fully
3-D CRM. Then a Q3-D simulation is made for the situation
corresponding to each of the benchmark simulations. The
grid used in these tests is similar to that shown in the cen-
tral GCM grid cell of Fig. 11b, consisting of only one pair of
perpendicular channels with only two grid points across each
channel. Since the horizontal domain is so small, the GCM
component is made inactive in these tests. Thus the GCM
grid point values are taken from the benchmark simulations
after horizontal smoothing. These values are then interpo-

Fig. 12. Schematic illustration of the convergence of the Q3-D
MMF grid to a 3-D CRM grid.

Fig. 13. Time series of domain-averaged precipitation, evaporation
and sensible heat flux at the surface simulated by the Q3-D CRM
(red lines) and by the BM (black lines).

lated to provide the background field. With the domain size
and the CRM grid size used, the ratio of the number of grid
points of the Q3-D and 3-D CRMs is only 3%. In the fig-
ures shown below, red and black lines represent the results of
the Q3-D and corresponding benchmark (BM) simulations,
respectively, averaged over the respective horizontal domain.
Figure 13 shows time series of precipitation, evaporation

and sensible heat flux at the surface. The Q3-D results fluc-
tuate more than those of the BM because the sample size
of the former is much smaller than that of the latter. The

Atmos. Chem. Phys., 11, 3731–3742, 2011 www.atmos-chem-phys.net/11/3731/2011/

As the GCM’s grid is refined, the resolution of the CRM stays the same. 
The Q3D MMF converges to a global cloud-resolving model.

Figure from Akio Arakawa



Summary of what we get

Quasi-three-dimensionality

Momentum transport by:

Convection

Orographic gravity waves

Non-orographic gravity waves

Convergence to a GCRM

Extreme parallelism is still possible.

If the GCM has grid cells 100 km wide, there are about 1200 CRM channels.

Each channel can run in a node.  Then no communication between nodes  is needed.



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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temperature (a and b) and the enstrophy and kinetic energy (c and d), respectively. These results shown are
averaged over the entire 14 day simulation period. In the figure, the circles and stars represent values calculated
from the CRM and GCM results, respectively. Thus the circles represent contributions from all scales simulated
by the CRM, while the stars represent only contributions from the large scales simulated by the GCM. The upper
and lower dotted lines represent the BM results obtained from the original 3 km grid data and averaged data
over a 96 km box, respectively. From the results shown in Figure 5, we draw the following conclusions:

1. If the relaxation time scale is too short, the CRM is too strongly constrained by the GCM and loses its own
local stabilization effect;

2. If the relaxation time scale is somewhat longer but still shorter than the critical time scale (! 2 h), the
local stabilization effect is simulated but the GCM still constrains the development of cloud organization in
the CRM;

3. If the relaxation time scale is longer than the critical time scale, the large-scale patterns simulated by the
GCM and CRM continue to be similar and cloud organization takes place in the CRM (unless the time scale
is too long to maintain compatibility between the GCM and CRM solutions—not shown).

With a 0.5 h relaxation time scale, we see high values marked by circles, especially for the variance of water
vapor and the enstrophy. This is probably because these quantities are quite sensitive to small-scale

Figure 3. Evolution of the vertical component of vorticity at 3 km height obtained from BM. For this figure, a 96 km 3 96 km box average is taken.

Journal of Advances in Modeling Earth Systems 10.1002/2013MS000295

JUNG AND ARAKAWA VC 2014. American Geophysical Union. All Rights Reserved. 7



Next, we show the second moments such as the variances, which reflect the intensities of the representa-
tive disturbance in the system, and the eddy transport effects. Figure 8 shows the time series of vertically
averaged variances of water vapor and potential temperature taken from BM and the Q3D MMF simulation.
The variances of water vapor are sensitive to the cloud-scale variations while those of potential temperature
are more sensitive to the larger-scale variations. From this figure, we see that the variances of the BM and
Q3D simulations are comparable to each other throughout the simulation period. These results indicate
that the internal processes are reasonably well represented in the Q3D MMF simulation for all scales.

To directly evaluate the CRM feedback to the GCM, we present the convergence of vertical eddy transports
and the diabatic effects obtained from BM and the Q3D MMF simulation. Figures 9 and 10 show the tenden-
cies of water vapor and potential temperature changes, respectively, due to the CRM feedback. For BM, the
effect of vertical eddy transports is diagnostically calculated following the way used in the Q3D MMF simu-
lation. The results are averaged over the horizontal domain and the entire simulation period. Here we show
the results only up to 18 km even though the model upper boundary is placed at 30 km.

The dominant features of the vertical eddy transport effect of water vapor, shown in Figure 9a, are the neg-
ative values near the surface and the positive values above. As we can see from Figure 9c, this vertical eddy
transport effect almost compensates the effect of physical processes such as turbulence, condensation/
evaporation and precipitation microphysics, except very close to the surface. The characteristics of the CRM
feedback on the water vapor field are very well simulated by the Q3D MMF.

Figure 6. Evolutions of the vertical component of vorticity at 3 km height obtained from (top) BM and the Q3D MMF simulations (middle) with and (bottom) without the CRM feedback.
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Degraded Results with 2D CRMs

of channels are used in the prediction (Figure 15). Generally, it is not the case for comparison of two predic-
tions in each of which only one set of channels are used (Figure 14).

6. Summary and Conclusions

In numerical modeling, we cannot avoid separating the atmospheric processes into the explicitly simulated
‘‘resolved scale’’ and the highly parameterized ‘‘subgrid-scale.’’ During recent decades, considerable efforts
have been spent to represent the collective effects of subgrid scales in terms of the explicitly resolved
scales. One recent improvement is replacing the conventional parameterization with the 2-D CRMs embed-
ded in each grid cell. This approach, called ‘‘super-parameterization’’ or the ‘‘multiscale modeling framework
(MMF),’’ has shown its ability to improve the simulation of the large-scale features that are strongly coupled
with cloud processes. Nevertheless, the use of 2-D CRMs with periodic boundary conditions has inherent
limits due to its grid structure. In an attempt to overcome those limits, we have developed a new multiscale
modeling framework called the ‘‘quasi-three-dimensional MMF (Q3D MMF).’’

In the Q3D MMF, the CRMs
extend beyond the GCM grid cell
and perform 3-D predictions on
two perpendicular sets of narrow
grid channels that virtually inter-
sect at the center of each GCM
grid cell. To formulate the lateral
boundary conditions for the
CRMs, the CRM fields are decom-
posed into those of the back-
ground and the deviation. The
background fields are obtained
by interpolation from the GCM
values, while the deviations are
predicted using cyclic lateral
boundary conditions in the cross-
channel direction. A key point is
that, through the background
fields, the CRM recognizes large-
scale inhomogeneities in the
cross-channel direction, as simu-
lated by the GCM.

Figure 11. Same as Figure 6 (middle), but obtained from the simulation using 2-D CRMs.

Figure 12. Same as Figure 7, but obtained from the simulation using 2-D CRMs.
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Status of the Q3D MMF

The method has been 
successfully tested in a 
regional model.   

A global version is now 
under construction.
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• Climate modeling is changing faster now than ever before in its 50-year history.

• The changes are being driven in part by increases in computing power and 
changes in computer architecture. 

• Global cloud-resolving models will be the way to go, eventually.

• In the mean time, super-parameterization is a useful approach.

Concluding remarks



Extra slides



• Works well in engineering applications.

• May be well suited to weather prediction.

• May work for ocean climate (because, for 
example, the Gulf Stream is always in the 
same place.

• Challenging for atmosphere climate, because 
the small-scale physics is important 
everywhere.

• Resolution-independent parameterizations 
are needed.

Regional refinement


