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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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Where does the computer time go?
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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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Global cloud-resolving models

How do we get there?



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.



• A future version of the CESM

• IPCC-class simulation (one century or more)

• Atmospheric horizontal grid spacing of 4 km 
or finer everywhere

Believe it or not?

By the time of iCAS 2025?



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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• The grid is too coarse to resolve even 
large cumulus clouds.

• The grid is too fine for use with cumulus 
parameterizations.

In the Grey Zone:

The grey zone starts near dx = 25 km.



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



One way forward
Discussed by Justin Small on Monday morning

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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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.



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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Multiscale Modeling Framework 
(MMF)

The CRMs are 2-dimensional and use periodic boundary conditions.

Each CRM runs continuously.

The CRMs do not communicate with each other except through the GCM, so 
the model is “embarrassingly parallel.”

GCM CRM
Advective Forcing

Heating & Drying

“Super-Parameterization”



Dynamics
Physics



Warning: 
The next slide has equations.



The choreography
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The CRM can’t drift away 
from the GCM.



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

SP-CAM



What’s different?
• The equation of motion

‣ No closure assumptions

‣ No triggers

‣ Mesoscale organization

• High-resolution physics on the 
CRM grid

• CRM memory

‣ Delay in convective response

‣ Sensitive dependence on initial 
conditions

• Increased computational cost



How an MMF uses the computer time

Embarrassingly  
parallel

99%

1%
Dynamics

Physics

The CPU time needed is much greater than for a conventional model,  
but the wall-clock time required can be the same as that of a conventional model.



Minimizing the Wall-Clock Time

Dynamics
Nodes

Physics Nodes

MPI

Unfortunately, this is difficult with the current CESM.

Balaji’s approach would make it much easier.



• Diurnal cycle

• African Easterly Waves

• Tropical cyclones

• Monsoon fluctuations

• The MJO

• ENSO

• Climate change

Focus: Variability

http://www.cmmap.org/research/pubs-mmf.html
~100 papers

http://www.cmmap.org/research/pubs-mmf.html


Symmetric

SP-CAM CAM5OBS SP-CCSM

CCSMSP-CAM

Symmetric Equatorial Waves
Observations

1 2.5



Asymmetric

1.5 1.5

Anti-Symmetric Equatorial Waves
OBS SpCCSM

CCSMSpCAM

Slide from Charlotte DeMott

SP-CAM Observations CAM5



How will the MJO change 
in a warmer climate?

• Influence on tropical rainfall 

• Coupling to the Asian Summer Monsoon

• Modulation of tropical cyclones



Arnold, N., M. Branson, M. A. Burt, D. S. Abbot, 
Z. Kuang, D. A. Randall, and E. Tziperman, 2014: 
Significant consequences of explicit representation 
of atmospheric convection at high CO2 
concentration. Proc. Nat. Acad. Sci., 111, 
10943-10948.
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Fig. 3. Exploring the enhanced response of tropical intraseasonal variability in SP-CESM relative to CESM due to stronger increase in MJO in SP-CESM. This is shown via
tropical precipitation variability in CESM and SP-CESM. (a-d) Annual-mean intraseasonal (20-100 day) variance at low and high CO2. (e-h) Wavenumber-frequency power
spectra of equatorial (10S-10N) precipitation, for modes that are symmetric across the equator. SP-CESM simulates more realistic intraseasonal variance at 1⇥CO2, and
shows a larger increase with warming.

in regions of descent. Since regions of ascent within the MJO
are associated with high MSE, and descent with lower MSE,
the change in vertical advection provides a positive feedback
on MJO growth [19].

An interesting consequence of the stronger increase in
MJO variability in SP-CESM is the development of a positive
zonal wind anomaly at 100-300 mb in the tropics (Fig. 2b).
This is consistent with a tendency toward superrotation (west-
erly wind at the equator) due to enhanced wave excitation at
the equator. Such a tendency was proposed as a possible
explanation for the Pliocene (2-5 Myr before present) “per-
manent El Niño” state [35] as well as a possible response of a
future climate [36,37]. These proposed consequences require a
westerly response near the surface and not at high altitude as
seen in Fig. 2b, but it is possible that the addition of convec-
tive momentum transport to SP-CESM would lead to some
surface e↵ect.

The models used here cannot reliably be used to study the
stratospheric climate response due to insu�cient resolution
there. We therefore only briefly note that SP-CESM shows a
significant lack of winter-time cooling (that is, warming rela-
tive to CESM, Fig. 2a) in the Arctic stratosphere, although
such cooling is a robust expected consequence of greenhouse
scenarios. This relative warming is consistent with changes
in the eddy momentum flux (�(u0v0), not shown) and strato-
spheric jet weakening (Fig. 2b). Future work will examine
the robustness of this result and possible connections to mo-
mentum fluxes from the stronger tropical variability discussed
below [38].

Discussion
We have performed an extensive comparison of the climate
projections from two coupled climate models, nearly identical
except that one uses an explicit representation of convection
and related processes, rather than a convective parameteri-
zation. This “super-parameterization” has previously been
shown to improve the simulation of the present-day mean cli-
mate and variability, and, because it is less empirical, it is also
more likely to provide a faithful representation of convection
in a changing climate. Since we find here that switching to a
super-parameterized model leads to surprises such as stronger
polar-night Arctic atmospheric convection, more sea ice melt-
ing, and a strong MJO increase at higher CO2, it is clear that
much attention needs to be focused on convection dynamics
and new ways of representing it in future climate change stud-
ies.

Materials and Methods
We use CESM1 0 2, with CAM4 atmospheric physics. The CAM was configured to
run with the finite-volume dynamical core run at 1.9⇥2.5 degree horizontal resolution
with 26 vertical levels. The land model used the same horizontal grid. The POP2
ocean model [39] and the sea ice model were run on the gx1v6 grid, at a nominal
resolution of 1

�

. The CAM and CLM were run using a 15-minute time step while the
cloud-resolving models are integrated with a 20 second time step. Each CAM grid
cell contains a two dimensional cloud-resolving model (CRM) run in a two-dimension
configuration aligned in a north-south direction, with a total of 32 grid points and
horizontal grid spacing of 4 km. The CRM of the SP-CESM also replaces the strati-
form cloud parameterization of the CESM. Another important di↵erence between the
two models is that the radiation and turbulence calculations are done on the CRM’s
grid in SP-CESM. Finally, while we showed that convection representation can make
a significant di↵erence, other cloud-formation processes such as microphysics param-
eterizations are, of course, also critical, and ice clouds in particular are di↵erent with
the two-moment microphysics that is included in the recently released CAM5. As
another caveat, we note that the Antarctic e↵ective cooling of SP-CESM seen in
Fig. 2a at around 200 mb occur in a region and altitude where SP-CESM at ⇥1CO2

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author

If this is right, it’s 
very important.

A tremendous future intensification of the MJO



Three Ways to Couple the Atmosphere 
and the Land Surface

CAM

CLM

CRM

CLM

CRM

CLMs

Single Atmosphere 
Single Land

(standard CESM)

Multi-Atmosphere 
Single Land

(SP-CESM)

Multi-Atmosphere 
Multi-Land

(modified
SP-CESM)

Slide from Scott Denning



Why and how does it matter?

Intense local rainfall

Gustiness associated with local storms

Cloud shadows

Wet or warm spots

Heterogeneous vegetation and soil types

Lakes

Atmosphere

Surface



Changes in Canopy Hydrology

Canopy Interception Transpiration

mm / day

Shift from canopy interception & evaporation to throughfall, infiltration, 
and transpiration, especially in the tropics

Slide from Scott Denning



Changes in Photosynthesis

More moisture but less light over tropics

Gross Primary Production

g C m-2 day-1

Slide from Scott Denning



Conceptually simple, but hard to code

CRM

CLMs

Slide from Scott Denning

Marianna Vertenstein,  Cheryl Craig, and Jim Edwards helped us to do this, 
but the CESM’s coupler made it tricky.
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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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Grey Zone

Unfortunately, the MMF can’t take us
past the grey zone.

MMF

Jump

?



Cue the second-generation “Q3D” MMF

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

The artificial periodic boundary 
conditions of the original MMF are 
eliminated, so that the CRM channels 
extend across GCM grid cell 
boundaries.

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

Allows convection to propagate across GCM cell boundaries.

Can include the effects of realistic topography. 

Can simulate vertical momentum transport by both convection and waves.



Convergence
3740 A. Arakawa et al.: Toward unification of the multiscale modeling of the atmosphere

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 Q3D MMF converges to 
a global cloud-resolving model.

Figure from Akio Arakawa



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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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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A “Unified Parameterization”

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

Low resolution

Convective transport on subgrid scale

A unified parameterization must determine    , the fraction of each grid cell 
that is occupied by convective updrafts and downdrafts.  

σ

Some grid cells are 
almost filled by updrafts

High resolution

Convective transport on grid scale

(unified in the sense that it can be used with any grid spacing)



Use a CRM to suggest and test ideas.
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becomes the gird-scale circulation. The cumulus parameterization should play no role in this 

limit. More generally, it is important to remember that parameterizations are supposed to 

formulate only the subgrid effects of cumulus convection, NOT its total effects involving gird-

scale motion. Otherwise the parameterization may overdo its job, over-stabilizing the grid-

scale fluctuations that are supposed to be explicitly simulated.  

To visualize the problem to be addressed, we have performed two numerical simulations 

using a CRM, one with and the other without background shear. The model used for these 

simulations is the 3-D vorticity equation model of Jung and Arakawa (2008) applied to an 

idealized horizontally-periodic domain. The horizontal domain size and the horizontal grid 

size are 512 km and 2km, respectively. Other experimental settings follow the benchmark 

simulations performed by Jung and Arakawa (2010).  

Figure 4 shows snapshots of the vertical velocity w at 3 km height simulated (a) with and 

(b) without background shear. As we can see from these snapshots, these two runs represent 

quite different cloud regimes. To see the grid-size dependence of the statistics, we divide the 

original CRM domain (512 km) into sub-domains of same size to repcresent the GCM grid 

cells. 

 

 

Fig. 4  Snapshots of the vertical velocity w at 3 km height simulated (a) with and (b) 
without background shear, and examples of sub-domains used to see the grid-size 
dependence of the statistics. 

 

Map of vertical velocity  
3 km above the surface

Subdomain size, used to 
analyze dependence on grid 
spacing
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Idealized simulation based on 
GATE data

Compute     as the fraction of 
each grid cell where w > 1 m/s.  

σ

Figure from Akio Arakawa



Flux partitioning as function of σ and d
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sufficient data for large values of σ, these figures strongly indicate that the σ-dependence 

through  is valid for other resolutions as well. From (9) we see that the maxima of 

the dashed curves shown by the arrows in Fig. 10 give estimates of ΔwΔh / 4 . These values 

are also similar between different resolutions.  

 

 

Fig. 10.   The red and light blue lines in (a) are same as those in Fig. 7. Similar plots 
for different resolutions are shown in (b) and (c). The blue dashed lines show best-fit 
σ 1−σ( )  curves. The arrows show estimated values of ΔwΔh / 4 . 

 

So far we have shown the σ-dependence of diagnosed vertical transports at . 

Part II of this paper by Wu and Arakawa (2013) shows the results of extending the diagnosis 

to other levels. In short, the relations between the total transport, the total eddy transport and 

the transport based on top-hat profiles are very similar between different levels including the 

sub-cloud layer. 

 

σ 1−σ( )

z = 3 km

σ

Note that large     is only possible when the grid spacing is fine.σ

Dashed curve is 
based on a theory.

Blue data is 
SGS transport 
from CRM.Moist static 

energy transport

Figure from Akio Arakawa



Status of the Unified Parameterization

The unified parameterization is 
currently being tested in both 
CAM5 and NCEP’s GFS.
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One more thing…
Chaotic Convection in SP-CAM



Deterministic
parameterization

Non-deterministic  
parameterization

“Non-deterministic” clouds on unresolved scales  
are not fully controlled by the resolved-scale weather.



A super-parameterization is non-deterministic 
because the solution produced by the CRM is 
sensitively dependent on initial conditions.

Is there a way to explore the ensemble of 
possible realizations?

A deterministic parameterization simulates 
“expected values” or ensemble means.

A non-deterministic parameterization simulates 
individual realizations.



Doppelgängers

Instead of one CRM per GCM grid column, include N copies of the CRM.

All copies see the same GCM weather.

The CRMs start from slightly different initial conditions.

Each copy runs independently of the others.



MP-CAM

This is what a deterministic parameterization tries to do.

GCM

Ensemble
Averaging

Heating &
Drying

Heating &
Drying

CRM CRMAdvective
Forcing

Advective
Forcing

Heating &
Drying

Illustrated for the case N = 2



Individual realizations

Ensemble average



Where & when is strong precipitation predictable?
Standard dev / mean, sampled once per day where the daily mean > 5 mm day-1



Ten days in the life of two selected GCM columns
These are Hovmöller diagrams, with time increasing upward.  

The horizontal axis in each panel is horizontal distance in the CRM.

mm day-1

Ten realizations at a tropical point Ten realizations at a midlatitude point



What I want to do with this

• Compare climate with ensemble-mean feedback to climate 
with feedback from one realization:

‣ Systematic differences in extreme precipitation events?

‣ Systematic differences in the MJO or other large-scale 
weather systems?

• Identify the specific weather regimes and physical 
mechanisms that are associated with strong but 
unpredictable convection.



Symmetric modes

SP-CAM MP-CAMOBS SP-CCSM

CCSMSP-CAM

Symmetric Equatorial Waves
Observations

1 2.5

Only 3 simulated years



Summary
• Current parameterizations are not applicable for grid 

spacings finer than about 25 km.

• The SP-CAM replaces the CAM physics with a CRM, and 
gains new powers as a result.

• The Q3D MMF can carry us across the grey zone, and 
converges to a global cloud-resolving model.

• The Unified Parameterization can cross the grey zone 
without using a CRM.

• The MP-CAM can be used to explore the physics of 
stochastic convection.

CMMAP

Reach for the sky.


