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Plan for this morning
This introduction (Randall, 15 minutes)

CMMAP’s Research Legacy (Randall, 60 minutes)

What has been accomplished up to now

What we will do in Year 10

After the STC’s sunset

Discussion of Research presentation

Break (15 minutes)

CMMAP’s Knowledge Transfer Legacy (Krueger, 45 minutes)

What has been accomplished up to now

What we will do in Year 10

After the STC’s sunset

Discussion of KT presentation 

CMMAP’s Education & Diversity Legacy (Denning and Burt,  45 minutes)

What has been accomplished up to now

What we will do in Year 10

After the STC’s sunset

Discussion of E&D presentation

Closing discussion (All,  15 minutes)
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Reach for the sky.
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ESMEI
Earth Systems Modeling and Education Institute

It all began
    here...

Congress puts 
us in limbo.

July 2006
A new STC is 

awarded!

Goals of Knowledge Transfer with 
Weather and Climate Centers

Improved understanding 
of multiscale phenomena

Innovative tools for 
evaluating simulations

Better cloud and 
convection 

parameterizations

Numerical weather 
prediction centers

Climate modeling centers

KT strategy: A feedback loop

Improved conventional 
parameterizations

Climate and weather 
modeling centers

Analysis of MMF 
simulations

Climate simulations using 
the Multiscale Modeling 

Framework

Knowledge Transfer

CMMAP

ESRL
GFDL

NCEPNCAR

Jim Hurrell

Jin Lee Leo Donner

Hua-Lu Pan

COLA
Cristiana Stan

Very-high-resolution simulations, such as the Giga-LES, 
are useful for improving parameterizations in the MMF 

and in conventional global and regional models.

climatesense.org

The Year of Tropical Convection (YOTC)  
‘A Virtual Global Field Campaign’ 

  

Weather-Climate Intersection 
Subseasonal-to-Seasonal Prediction 

 
Mitch Moncrieff  (NCAR)  &  Duane Waliser  (JPL) 

Co-Chairs 

July 2011
Five more years!
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CMMAP’s legacy:
An Institute is born.

The Effects of Ice Nuclei on Clouds and Climate

The global atmosphere contains “mixed-phase” clouds, which are made up of both liquid water 
droplets and ice crystals. The ratio of liquid water to ice is critical for determining how long the cloud 
lasts, how much rain or snow falls from it, and also its properties. The many such clouds in the Earth’s  
atmosphere strongly influence both weather and climate. 

CMMAP’s “Multiscale Modeling Framework,” or MMF, explicitly simulates cloud formation in the global 
atmosphere by embedding a fine-grid cloud-resolving model within each of a global atmospheric 
model’s much larger grid columns. The amount of ice is determined as a function of the cloud 
temperature and the relative humidity over ice. Recent research by CMMAP scientists shows that the 
concentration of ice nucleating particles also plays a critical role. 

Ice nuclei (IN) are atmospheric particles, sometimes called “aerosols,” that act as nuclei for the 
formation of ice crystals in the atmosphere. CMMAP scientist Dr. Paul DeMott and colleagues at 
Colorado State University have used laboratory and field measurements to compile a large database 
documenting the concentration and distribution of ice nuclei in the atmosphere. They have used their 
growing database to identify the simplest and strongest links between ice nuclei and cloud properties. 
Their studies show that ice nuclei predict the onset of ice formation in clouds. This result can be 
expressed as a formula relating the ice crystal concentration as a function of the aerosol concentration 
and the cloud temperature.

The formula was tested by incorporating it into a CMMAP cloud-resolving model, and using the model 
to simulate highly detailed observations collected in a recent Arctic cloud study. The major result, as 

shown in the attached figure, is that the formula leads to a huge improvement in the vertical 
distribution of the liquid and ice concentrations within the simulated clouds.  Increasing liquid water 
and decreasing ice water content in the cloud layer in the new simulations leads to a decrease in 
shortwave radiation reaching the Earth's surface, while simultaneously increasing downward longwave 
radiation which can lead to warmer surface temperatures. Getting the correct cloud vertical structure 
can also impact the timing, rate, and total precipitation from such clouds.

The next step will be to test the new methods in a simulation of the global climate, using the MMF. 

One moment control
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Observations

Liquid Fraction Liquid Fraction Liquid Fraction

Old model New model

Comparison of observations (left) of the cloud liquid fraction, which is the ratio of condensed water to ice 
amount, to the old model result (middle) and the new result (right) based on the formulation by Dr. Paul 
DeMott.  The different colored points in the observations are data from two different aircraft profiles of the 
same cloud layer.

Center for Multiscale Modeling of Atmospheric Processes (CMMAP), Colorado State University -     
A National Science Foundation (NSF) Science and Technology Center

David A. Randall, PI; A. Scott Denning, J. Helly, C.-H. Moeng, and W. S. Schubert, Co-PIs

ATM-0425247

A Coupled Atmosphere-Ocean Model with Explicit Clouds

Center for Multiscale Modeling of Atmospheric Processes, Colorado State University

David A. Randall, PI; A. Scott Denning, J. Helly, C.-H. Moeng, and W. S. Schubert, Co-PIs

ATM-0425247

The Earth’s climate results from complex interactions between the atmosphere, the ocean, and the land 
surface. CMMAP’s research is focused on new approaches to simulating cloud formation in the global 
atmosphere. CMMAP has created a new “Multiscale Modeling Framework,” or MMF, in which clouds are 
explicitly simulated by embedding a fine-grid cloud-resolving model within each of a global atmospheric 
model’s much larger grid columns. Until recently, CMMAP has used the MMF to analyze how the explicit clouds 
affect atmospheric phenomena such as tropical weather. 

The effects of these explicit clouds on the simulated ocean are also critically important for climate simulation, 
however. These include cloud shadows, which reduce the solar radiation absorbed by the ocean. The clouds 
also influence large-scale weather systems, which in turn affect the ocean through surface wind stresses.

Dr. Cristiana Stan of the Center for Ocean Land Atmosphere Interactions (COLA) coupled a global atmosphere 
model developed by CMMAP with an ocean model developed by the National Center for Atmospheric 
Research. The new coupled ocean-atmosphere model is called the SP-CCSM. Using the SP-CCSM, Dr. Stan 
performed the first-ever simulations in which the explicit clouds influenced the simulated ocean. A 20-year 
simulation produced with the SP-CCSM was compared with observations, and also with a control simulation 
obtained based on a 
conventional model. Two 
remarkable results were 
obtained. 

First, the SP-CCSM 
immediately produced a 
simulation of the atmospheric 
general circulation that is 
significantly more realistic 
than that previously obtained 
with the MMF driven by 
observed sea-surface 
temperatures. The 
atmospheric simulation is 
particularly improved for the 
Asian summer monsoon, a 
gigantic weather system that 
brings life-sustaining rain to 
over a billion people. The 
immediate improvement in 
the model results is 
surprising, because 
experience shows that when 
an atmosphere model is first 
coupled with an ocean model, 
the simulated atmosphere 
typically becomes more 
realistic only after a lot of 
model “tuning” has been done. Dr. Stan did not tune the model at all. 

The second major result, shown in the attached figure, is that the SP-CCSM produces a realistic simulation of 
the El Niño-Southern Oscillation (ENSO), considerably better than that of the conventional model from which 
it was derived. As is well known, ENSO produces strong effects on weather all over the world, including the 
United States.  Stan and colleagues have shown that the improvement in the simulated ENSO is due to with 
the SP-CCSM’s ability to simulate realistically the cold water that is typically found along and near the Equator 
in the Eastern Pacific Ocean. 

Warm (red) and cold (blue) fluctuations of the sea surface temperature in 
the eastern Pacific Ocean, due to ENSO. The top panel shows observations, 
in which the sea surface temperature fluctuates on an irregular basis with a 
mean return time near four years. The bottom panel shows the results 
obtained with the SP-CCSM.

Permission granted

Credit: Cristiana Stan

Period (months)

Po
w

er

 

 

6122448
0

10

20

30

40

50

60

70

HadSST

SP−CCSM

CCSM

Red Noise

1983 1985 1987 1989 1991 1993 1995 1997 1999 2001
−2

0

2

4
Nino3.4 − HadSST

An
om

al
y 

(o C
)

0004 0006 0008 0010 0012 0014 0016 0018 0020 0022
−2

0

2

4
Nino3.4 − SP−CCSM

An
om

al
y 

(o C
)

0004 0006 0008 0010 0012 0014 0016 0018 0020 0022
−2

0

2

4
Nino3.4 − CCSM

An
om

al
y 

(o C
)

a

b

c

d

Observations

Model results

 

 

 
Since all the models produce more or less realistic conditions for these clouds to form, 
but the clouds themselves are different, this points to the parameterizations of clouds 
as the main factor leading to the different cloud statistics. Improvements in the realism 
of shallow cumulus clouds in climate models are a necessary step toward more 
confident estimates of climate change.  This work was led by Brian Medeiros and Bjorn 
Stevens (University of California, Los Angeles) and Christopher Bretherton (University of 
Washington). 

 

 

 

The profile of cloud amount from three models (colors) through about the lowest 4 km of the 
atmosphere. The profiles are conditioned on environmental conditions conducive to shallow 
cumulus convection. The SP-CAM (green) shows the most realistic profile considering cloud 
base, cloud top, and the shape and size of the profile. 

Credit Brian Medeiros 

 

Cloud Effects on Climate

Award Numbers: 0336849 (add CMMAP number here)

PI: Bjorn Stevens, UCLA

As recently restated by the Intergovernmental Panel on Climate

Change “cloud feedbacks remain the largest source of uncer-

tainty” in projections of cloud feedbacks. The sensitivity of

climate projections to the representation of clouds was identi-

fied from the very earliest attempts to systematically investigate

and quantify climate change. And while the intervening years

have seen little progress in our ability to constrain representa-

tions of clouds at the level of climate prediction; we have made

progress in more definitively establishing the role of clouds in

the climate system, articulating ways in which they may re-

spond to perturbations, and most recently, attributing uncer-

tainty to broad classes of cloud.

Work at UCLA in collaboration with scientists at the University

of Washington and Colorado State University and modeling

centers at the National Center for Atmospheric Research and

the Geophysical Fluid Dynamics Laboratory, has helped iden-

tify the principle cloud type responsible for discrepancies in

climate projections by the two centers. Using idealized climate

model configurations, called “aqua-planets,” wherein the sur-

face of the earth is rendered zonally symmetric with specified

sea-surface temperatures and no topography, the UCLA team

and its collaborators showed that the cloud effects responsible

for discrepancies between the GFDL and NCAR representation

of the climate could be reproduced by the aqua-planet configu-

rations and were not sensitive to the details of the surface tem-

perature specification.

This result, shown on the right, indicates that: (i) cloud effects

are ultimate rather than proximate causes of inter-model dif-

ferences in the representation of climate change; (ii) these ef-

fects are associated with the zonally symmetric component of

the tropical low-cloud response, which physically correspond

to shallow cumulus in the trade-wind regime; and (iii) climate simulations in which one dimension

(latitude) is rendered statistically homogeneous, are useful predictors of the model behavior for

more earth-like configurations. Such findings opens new vistas for better understanding and con-

straining how clouds may change in a future climate and are being actively pursued with support

by the NSF CMMAP Science and Technology Center.
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The advantage of the QL coordinate in terms of the vertical transport of a passive tracer is shown 

in Figure 1.  The initial tracer concentration is shown in the top left plot as a function of height 

(vertical axis) and horizontal distance (horizontal axis).  The concentration has a value of one 

along four horizontal bands bounded by selected isolines of potential temperature (isentropes), 

and a value of zero elsewhere.  At the top right is a scatter plot of the initial values of θ (vertical 

axis) versus tracer concentration (horizontal axis) for all model grid points.  Since the flow over 

the mountain is adiabatic and the tracer is passive, the correlation between θ and tracer 

concentration should remain unchanged.  The middle row of plots shows the result of a 75 

minute simulation with a pure Eulerian coordinate.  Dispersion error due to vertical transport is 

apparent in both the spatial distribution of tracer concentration as well as in the scatter plot.  The 

bottom row shows that with the hybrid coordinate model, in the upper half of the domain where 

the coordinate is θ, the tracer concentration has maintained its initial correlation with potential 

temperature.  This is due to the vertical mass flux being close to zero in θ-coordinates, and 

therefore producing little dispersion error. 

 

 

Figure 1.  Tracer transport:  Eulerian vs. hybrid coordinate. 
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Figure 2 shows that the hybrid-coordinate model is able to simulate the turbulent flow that 

develops as the mountain waves break.  Isolines of potential temperature (black lines) and model 

levels (red lines) are shown at 3.5 hours into the simulation.  Eulerian coordinate results are 

shown in the top plot, and hybrid coordinate results are in the bottom plot.  The adaptive vertical 

grid of the hybrid-coordinate model performs as designed in that the coordinate surfaces remain 

smooth and evenly spaced in regions of wave breaking where the isentropes overturn.  Here the 

coordinate is Eulerian in nature as the isentropes, which approximate streamlines, cross 

coordinate surfaces.  Where the wave amplitude is small, the coordinate surfaces are quasi-

Lagrangian in nature since they follow the isentropes. 

 

 

Figure 2.  Position of isentropes (black lines) with respect to model coordinate surfaces (red 

lines) with an Eulerian coordinate model (top) and hybrid coordinate (bottom). 

Poster from Kelley and Claire



A brief “origin story:”

The research idea came first, in 
2000.

The plan to make it the basis of 
an STC came in 2001.

This BAMS article was based on 
an early draft of the STC pre-
proposal.

1547NOVEMBER 2003AMERICAN METEOROLOGICAL SOCIETY |

C LOUDS AND CLIMATE: A PROBLEM
THAT REFUSES TO DIE. Clouds of many
varieties fill the global atmosphere (Fig. 1). They

are composed of drops and crystals with scales on the
order of microns to millimeters. They are associated
with convection and turbulence on scales of meters
to kilometers. They are organized within mesoscale
and synoptic-scale dynamical systems that interact
with the global circulation of the atmosphere.

The representation of cloud processes in global at-
mospheric models has been recognized for decades

BREAKING THE CLOUD
PARAMETERIZATION

DEADLOCK
BY DAVID RANDALL, MARAT KHAIROUTDINOV, AKIO ARAKAWA, AND WOJCIECH GRABOWSKI

Progress on the cloud parameterization problem has been too slow. The authors advocate a
new approach that is very promising but also very expensive computationally.

AFFILIATIONS: RANDALL AND KHAIROUTDINOV—Department of
Atmospheric Science, Colorado State University, Fort Collins,
Colorado; ARAKAWA—Department of Atmospheric Sciences,
University of California, Los Angeles, Los Angeles, California;
GRABOWSKI—National Center for Atmospheric Research, Boulder,
Colorado

CORRESPONDING AUTHOR: David Randall, Department of
Atmospheric Science, Colorado State University, Fort Collins,
CO 80523
E-mail: randall@redfish.atmos.colostate.edu
DOI: 10.1175/BAMS-84-11-1547

In final form 25 March 2003
©2003 American Meteorological Society

FIG. 1. A full-disk visible image showing many cloud sys-
tems, including the intertropical convergence zone of
the tropical eastern Pacific Ocean, marine stratocumu-
lus clouds west of both South America and North
America, and frontal clouds in the midlatitudes of both
hemispheres.



Planning

We held a total of five planning 
workshops before submitting the full 
proposal in February 2004.



Down to the wire



Waiting it out

Shortly after we were site-visited in 
October 2004, all but six proposals 
were declined.  We were not 
declined.

 We went into “limbo.”

In summer 2005 we had a limbo 
party in connection with a workshop 
organized to keep the team 
connected.

Things started moving in December 
2005, and we were finally funded on 
July 1, 2006.



Some of the ingredients of a Center

Big research idea

Talent

Funding

Extended duration

No operational responsibilities

Centralized direction

I’ll return to this later.

CMMAP

Reach for the sky.
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CMMAP’s Research Legacy



Clouds Are Central to the Earth Sciences

We are being held back in all of these areas by an inability to simulate the global 
distribution of clouds and their effects on the Earth system. 

• Climate change

• Weather prediction

• The water cycle

• Global chemical cycles

• The biosphere



CMMAP’s vision is to take advantage of rapidly increasing computer 
speed to achieve major advances in our ability to understand and 
predict the effects of clouds on weather and climate. 

The research mission of CMMAP is to develop a new kind of global 
atmospheric model that can represent the effects of clouds on 
weather and climate with greatly improved realism; to evaluate the 
new model by comparison of model results with observations; and 
to apply the model to understand the interactions of clouds with 
other components of the Earth system, including the atmosphere, 
the vegetated land surface, and the oceans.

Vision Statement for Research

Mission Statement for Research

— From CMMAP’s 2006  Strategic Plan



Clouds are hard to to understand and to simulate, because:

• Wide range of scales
‣ Squall lines to ice crystals
‣ Thin cirrus, thin capping inversions, etc.

• Wide variety of coupled processes
‣ Microphysics
‣ Convection & mesoscale dynamics
‣ Radiation
‣ Turbulence



Once and Future Schemes
“The representation of cloud processes in climate models, which is 
a key aspect of … the “cloud- climate problem,” has been recognized 
for decades … as the festering source of much of the uncertainty 
surrounding predictions of climate change. 

A sober assessment suggests that with current approaches the 
cloud-parameterization problem will not be “solved” in any of our 
lifetimes.  

We propose a revolutionary new approach that offers the potential 
for major progress.… We will bring much-needed focus and 
organization to the modeling side of the cloud-climate research 
problem, and deliver both scientific understanding and practical 
applications.  We are going to pull the sword from the stone.”

— From the 2004 proposal



Parameterizations for  
low-resolution models

Global circulation Cloud-scale
&mesoscale
processes

Radiation,
Microphysics,
Turbulence

Parameterized, with low-resolution input



Where does the computer time go?

50%

50%
Dynamics

Physics



Global circulation Cloud-scale
&mesoscale
processes

Radiation,
Microphysics,
Turbulence

Parameterized, with 
high-resolution input

Parameterize less.



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



Multiscale Modeling Framework 
(MMF)

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”



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

• Increased computational cost



We have created an MMF based on the Community Atmosphere Model.

It is able to simulate lots of things that the conventional CAM misses.

SP-CAM



“The design, testing, and application of an 
improved MMF will be the central, organizing 
component of CMMAP’s research.”

— From the 2004 proposal



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.

6 A. Arakawa, J.-H. Jung / Atmospheric Research xxx (2011) xxx–xxx

Please cite this article as: Arakawa, A., Jung, J.-H., Multiscale modeling of the moist-convective atmosphere— A review, Atmos.
Res. (2011), doi:10.1016/j.atmosres.2011.08.009

Figure from Akio Arakawa

Global modeling landscape, 2000

Grey Zone



Resolve clouds?
Modest increases in resolution don’t improve the simulation of convective processes.  

A horizontal grid-spacing of 4 km or finer is needed.



Where technology is leading us

Clock speed,
MHz

Massive parallelism encourages us to drastically refine our grids.

Year of Introduction



7/30/15, 6:31 PMObama orders effort to build first exascale computer | Science/AAAS | News
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Obama orders effort to build first exascale computer

The United States is now committed to building an exascale computer, some 30 times
more powerful than today’s top machine. Yesterday, President Barack Obama signed an
executive order creating a national strategic computing initiative, which aims to
coordinate high-performance computing research and development between federal
agencies. The order should make it easier for agencies to justify increasing their budget
requests to Congress for supercomputing R&D.

“This is an extremely important step for high performance computing in the U.S.,” says
Horst Simon, deputy director of the Lawrence Berkeley National Laboratory in
California. The absence of a coordinated federal supercomputing effort had made it
more difficult for agencies like the Department of Energy (DOE) to make their case with
the Office of Management and Budget that they needed to boost supercomputing
budgets, Simon says. The new order “reverses that.”

Jack Dongarra, a supercomputing expert at the University of Tennessee, Knoxville, says
the new U.S. plans come partially as a response to concern over China’s surge in high-

— Science, last week
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Horst Simon, deputy director of the Lawrence Berkeley National Laboratory in
California. The absence of a coordinated federal supercomputing effort had made it
more difficult for agencies like the Department of Energy (DOE) to make their case with
the Office of Management and Budget that they needed to boost supercomputing
budgets, Simon says. The new order “reverses that.”
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Global cloud-resolving models 
Horizontal grid spacing of 4 km or less

Slide from Hiro Miura

Even with exascale computers, century-long climate simulations with GCRMs 
will not be feasible, because the computations are not sufficiently parallelizable.



But remember that the MMF  
is embarrassingly parallel. 

GCM CRM
Advective Forcing

Heating & Drying

“Super-Parameterization”

An MMF can perform century-long climate simulations today. 
We have already done it.



How an MMF uses the computer time

99%

1%

Embarrassingly parallel

Dynamics

Physics

The CPU time needed is much greater than for a conventional model, but 
the wall-clock time required is comparable to that of a conventional model.

MMFs are the best way forward now,  and maybe for many years to come.

We built this.



1. Colorado State University

2. NASA Goddard Space Flight Center

3. University of Washington

4. NASA Langley Research Center

5. Lawrence Berkeley National Laboratory

6. Scripps Institution of Oceanography

7. Earth System Research Laboratory

8. National Center for Atmospheric Research

9. Pacific Northwest National Laboratory

10. Scripps Institution of Oceanography

11. State University of New York at Stony Brook

12. Massachusetts Institute of Technology

13. Indian Institute for Tropical Meteorology

14. Harvard University

15. University of Chicago

16. George Mason University

17. University of California at Irvine

18. ECMWF

19. University of Oxford

20. DOE’s Accelerated Climate Model for Energy*

MMF community



Legacy Concepts

MMF,  as in SP-CAM

Q3D MMF

Unified System of equations

Vector Vorticity Model

Unified Parameterization



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.

The Q3D MMF allows convection to propagate across GCM cell boundaries.

The Q3D MMF can include the effects of realistic topography, as Joon-Hee showed. 

The Q3D MMF can simulate vertical momentum transport by convection and waves.



• Filters	
  ver+cally	
  propaga+ng	
  acous+c	
  waves,	
  but	
  not	
  the	
  Lamb	
  wave.	
  

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

• Uses	
  the	
  thermodynamic	
  and	
  momentum	
  equa+ons	
  without	
  approxima/on.	
  
The	
  con+nuity	
  equa+on	
  uses	
  the	
  quasi-­‐hydrosta+c	
  density.	
  	
  

• Does	
  not	
  need	
  a	
  basic	
  state.	
  

• Conserves	
  total	
  energy.	
  	
  	
  

• Covers	
  a	
  wide	
  range	
  of	
  horizontal	
  scales,	
  so	
  that	
  it	
  is	
  suitable	
  for	
  use	
  in	
  global	
  
cloud	
  resolving	
  models.

The	
  Unified	
  System	
  of	
  equa4ons
Arakawa	
  and	
  Konor	
  (2009)

I	
  believe	
  that	
  the	
  Unified	
  System	
  is	
  pre;y	
  close	
  to	
  the	
  final	
  word	
  on	
  the	
  subject. 
Game	
  over.



Weather on all scales is dominated by  
vorticity dynamics.

Vertical component of the vorticity Horizontal vorticity vector



This makes it possible to accurately simulate the vorticity dynamics, which 
then determines the wind field.

When combined with the Unified System,  the VVM can determine the 
vertical velocity in a beautifully simple way.

The VVM predicts the 
horizontal vorticity vector.



Global VVM

The  VVM has been developed and applied as a “regional” model.

On Thursday morning, Celal Konor will discuss recent work towards 
the creation of a global (non-hydrostatic)  VVM.1) Discretization of ∇H ⋅ Γv( )  :

Figure shows positive directions of vectors for cell 0.

A = 3 3
2

d1
2

Γυnor( )i ≡ F Γ i ,Γ0,Γ i+3( ) υnor( )i

Γυnor( )i+3 ≡ F Γ i+3,Γ0,Γ i( ) υnor( )i+3

∇H ⋅ Γv( )⎡⎣ ⎤⎦0 ≡
1
A

d1 Γυnor( )i
i=1

6

∑

                                      Equations of VVM in local horizontal coordinates   ! Thursday, April 9, 2015
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Into the grey zone:
The Unified Parameterization

• Grow individual clouds when/where the resolution is high.

• Parameterize convection when/where resolution is low.

• Continuous scaling.

• One set of equations, one code.

• Physically based.



Use a CRM to test ideas.

 8 

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. 

 

Vertical velocity 3 km above the surface Subdomain size,
used to analyze 
dependence on 
grid spacing



Starting pointDerivation of the Unified Parameterization

Notes by David Randall, based on a presentation by Akio Arakawa

For the case of a top-hat PDF, we can derive

′w ′ψ ≡ wψ −wψ =σ 1−σ( )ΔwΔψ ,

(1)

where 

 ( ) ≡ σ ( )c + 1−σ( ) ( )  and 
 
Δ( ) ≡ ( )c − ( ) ,

(2)

σ  is the fractional area covered by the updraft, an overbar denotes a domain mean, the subscript 
c  denotes a cloud value, and a tilde denotes an environmental value. We expect  Δw  and Δψ  to 

be independent of σ . In that case, (1) implies that ′w ′ψ  is a parabolic function of σ . 

Define ′w ′ψ( )
E

 as the flux required to maintain quasi-equilibrium. The closure assumption 

used to determine σ  is 

σ =
′w ′ψ( )

E

ΔwΔψ + ′w ′ψ( )
E

.

(3)

The quantities on the right-hand side of (3) are expected to be independent of σ . Eq. (3) is 
guaranteed to give 

0 ≤σ ≤1 .
(4)

By combining (3) and (1), we obtain

′w ′ψ = 1−σ( )2 ′w ′ψ( )
E

.

(5)

This shows that the actual flux is typically less than the value required to maintain quasi-
equilibrium. In fact, the actual flux goes to zero as σ →1. 
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Flux partitioning as function of sigma

Derivation of the Unified Parameterization

Notes by David Randall, based on a presentation by Akio Arakawa

For the case of a top-hat PDF, we can derive

′w ′ψ ≡ wψ −wψ =σ 1−σ( )ΔwΔψ ,

(1)

where 

 
Δ( ) ≡ ( )c − ( ) ,

(2)

the subscript c  denotes a cloud value, and a tilde denotes an environmental value. We expect  

Δw  and Δψ  to be independent of σ . In that case, (1) implies that ′w ′ψ  is a parabolic function 

of σ . 

Define ′w ′ψ( )
E

 as the flux required to maintain quasi-equilibrium. The closure assumption 

used to determine σ  is 

σ =
′w ′ψ( )

E

ΔwΔψ + ′w ′ψ( )
E

.

(3)

The quantities on the right-hand side of (3) are expected to be independent of σ . Eq. (3) is 
guaranteed to give 

0 ≤σ ≤1 .
(4)

By combining (3) and (1), we obtain

′w ′ψ = 1−σ( )2 ′w ′ψ( )
E

.

(5)

This shows that the actual flux is typically less than the value required to maintain quasi-
equilibrium. In fact, the actual flux goes to zero as σ →1. 

A model predicts grid cell means, rather than environmental values, so direct use of (3) is 
not possible. Define 
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“Modified” means that  the data is averaged over updrafts and environment before 
computing the flux. In other words, a “top-hat” structure is imposed by averaging.

 

3 .  The σ-dependence of vertical transport and its parameterization 

 

a. Diagnosed σ-dependence of the vertical transport of moist static energy  

Section 5 will show that the standard deviations associated with the ensemble-average 

transport shown in Fig. 6 are quite large, illustrating that there are a variety of situations even 

when the resolution is fixed. To obtain an insight into the factor controlling the magnitude of 

vertical transports, we classify sub-domains of same size into different bins according to the 

values of σ. Figure 7 shows the σ-dependence of the ensemble-mean vertical transport of 

moist static energy obtained in this way for the shear case. The case of d = 8km  shown by 

the arrow in Fig. 6 is chosen as an example, where the eddy transport is maximum. As in Fig. 

6, the total and eddy transports are shown in red and green, respectively. (The light blue line 

will be explained in Subsection c.) Even with this relatively high resolution, the total transport 

is almost entirely due to the eddy transport for small values of σ, say σ ≤ 0.2 . This means 

that parameterization of the eddy transport is still needed. For larger values of , however, at 

least a part of the total transport is due to grid-scale vertical velocity.  

 

 

Fig. 7   The σ-dependence of the ensemble-mean total (red) and eddy (green) vertical 
transports of moist static energy divided by c p . The light blue line represents the 
eddy transport diagnosed from the modified dataset. 

 

Figure 7 shows that the eddy transport does not vanish even for σ = 1 . When σ = 1 , all 

grid points in the subdomain satisfy the condition wc > 0.5 m/s  and, therefore, the sub-

domain is “saturated” with updrafts forming a single large updraft. The eddy transport can 

σ
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Closure assumption

Derivation of the Unified Parameterization

Notes by David Randall, based on a presentation by Akio Arakawa

For the case of a top-hat PDF, we can derive

′w ′ψ ≡ wψ −wψ =σ 1−σ( )ΔwΔψ ,

(1)

where 

 
Δ( ) ≡ ( )c − ( ) ,

(2)

the subscript c  denotes a cloud value, and a tilde denotes an environmental value. We expect  

Δw  and Δψ  to be independent of σ . In that case, (1) implies that ′w ′ψ  is a parabolic function 

of σ . 

Define ′w ′ψ( )
E

 as the flux required to maintain quasi-equilibrium. The closure assumption 

used to determine σ  is 

σ =
′w ′ψ( )

E

ΔwΔψ + ′w ′ψ( )
E

.

(3)

The quantities on the right-hand side of (3) are expected to be independent of σ . Eq. (3) is 
guaranteed to give 

0 ≤σ ≤1 .
(4)

By combining (3) and (1), we obtain

′w ′ψ = 1−σ( )2 ′w ′ψ( )
E

.

(5)

This shows that the actual flux is typically less than the value required to maintain quasi-
equilibrium. In fact, the actual flux goes to zero as σ →1. 

A model predicts grid cell means, rather than environmental values, so direct use of (3) is 
not possible. Define 
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The Unified Parameterization is being 
tested in both the CAM and the GFS.



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

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

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

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

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

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

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

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


Diurnally forced, eastward-moving summer storms

Kooperman et al. 2013reported by Carbone et al. [2002], this leads to the following
event selection criteria: (1) at least three (9 h) consecutive
index amplitudes greater than 0.15 propagating forward
(east) in phase space, (2) spanning at least 70% of the domain
(~1200 km), and (3) starting between 18 and 03 CST. The
first criterion determines when high cloud continuously
moves east, and the additional criterion helps to discriminate
active nocturnal convection from clouds that are simply
advected with the wind.
[19] SRB, SP-CAM3.5, and SP-CAM5.0 produce signifi-

cantly more events than any other model. The above criteria
identified an annual average and standard deviation of 24! 8
events in SRB; 13, 20, and 22 in SP-CAM; and 12, 3, and 9 in
CAM for versions 3.0, 3.5, and 5.0, respectively. Although
the number of events identified is sensitive to the specific
threshold values chosen, the general result is robust across
a range of choices. When the amplitude was restricted to
values greater than 0.25, 12 events were identified in SRB,
14 in SP-CAM3.5, 10 in SP-CAM5.0, and not more than four
in any other model.
[20] Objectively identified MCS events traced out in phase

space are shown in Figure 2c. Observed event initiation
strongly clusters in phase 1 and terminates in phase 8, with
high amplitude values traced throughout. The best agreement
with observations is seen in high amplitude values in
SP-CAM3.5 and distance spanned in SP-CAM5.0.
[21] To assess the quality of simulated storms, event com-

posites of precipitation and LWCF are depicted in Figure 3

for observations and all models, except CAM3.5, which
had too few events to analyze. Each composite is an average
of all times an event phase occurs, weighted by the amplitude
value. Significance is determined at 95% confidence relative
to 1000 randomly sampled averages having the same size as
the composite. As a proxy for convective heating, the vertical
standard deviation of free tropospheric heating (850 to
250mb) from the physics package is also shown for models,
as in Pritchard et al. [2011].
[22] In the observations and all versions of SP-CAM,

statistically significant LWCF anomalies travel east with
increasing phase. The signal in CAM3.0 appears to be a
remnant of afternoon convection that diminishes with
increasing phase and shows no active signal in the heating
tendency or precipitation. LWCF in CAM5.0 is limited to
half of the domain and does not represent propagation.
Figure 3 provides further evidence that propagating noctur-
nal convection is a robust effect of SP and that SP-CAM5.0
is capturing it most realistically. Strong convective heating
anomalies overlapping LWCF are detected in all versions
of SP-CAM. Surface precipitation colocated with LWCF in
the observations is also seen in SP-CAM5.0 and in some
phases of SP-CAM3.0 and SP-CAM3.5.
[23] Although all versions of SP-CAM show MCS activity,

distortions of the observed signal are evident. SP-CAM3.0
and SP-CAM3.5 under-simulate surface precipitation in
phases 1 through 4 and over-simulate it in phases 7 and 8.
The LWCF anomalies in these models are larger and broader
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Figure 3. Composite event phase average of precipitation (colors, mm/d), longwave cloud forcing (green, increments of
25W/m2), and vertical standard deviation of model heating tendency (orange, increments of 2.5K/d) for phases (a) 1 and
2, (b) 3 and 4, (c) 5 and 6, and (d) 7 and 8 in observations and models; right/45" (left/#45") slashes indicate that precipitation
(longwave cloud forcing) is significant at 95% confidence interval, the gray box is the EOF analysis region, and the numbers
are the mean local diurnal time (CST).
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value) for 3-hourly precipitation to have enough sam-
ples (,10–20 events per year) for robust statistics.

[18] The R95 daily extreme precipitation is shown in
Figure 3a for CAM, Figure 3c for SP-CAM, and
Figure 3e for CPC observations. The extreme precipita-
tion simulated by SP-CAM is significantly higher than
that in CAM although the spatial distributions of mean
precipitation appear to be very similar (Figures 1a and
1b). SP-CAM simulates more extreme precipitation over
almost the entire CONUS region, particularly in south-
eastern and western coastal US. While CAM exhibits a
characteristic underestimation of extreme precipitation
(Figures 3a and 3c) as noted in many previous studies
[e.g., Boyle and Klein, 2010; Li et al., 2011a], the spatial
distribution and intensity of the extreme precipitation in
SP-CAM much better matches the extreme precipitation
derived from CPC rain gauge observations. For
instance, the region averaged R95 precipitation over
southeastern (SE) U.S. in CAM is ,25% lower than
that in CPC, while the R95 from SP-CAM is only ,7%
lower (Table 1). While the changes in precipitation from

CAM to SP-CAM represent an improvement over much
of the CONUS region, SP-CAM does not capture some
of the very extreme values along the southeastern and
eastern coasts and it overestimates extreme precipitation
over dry western mountainous regions.

[19] Although the CPC daily precipitation is deemed
more reliable because of the larger number of rain gauge
stations used to construct it and the longer duration of
the data record, the 3-hourly data may yield additional
information at the sub-diurnal time scales most relevant
to extreme precipitation. Figures 3b, 3d, and 3f show the
spatial distributions of the R995 (. 99.5th percentile)
extreme precipitation estimated using the 3-hourly
CAM and SP-CAM output and CPC data set, respect-
ively. Similarly to the daily extreme precipitation, the
conventionally parameterized CAM greatly underesti-
mates this measure of extreme precipitation while SP-
CAM agrees much better with the CPC observations
(also see Table 1), particularly in the eastern CONUS.
SP-CAM still misses some very extreme precipitation
events such as those in Texas, but its general spatial

Figure 3. Simulated and observed U.S. extreme precipitation: 95th percentile daily precipitation for (a) CAM, (c)
SP-CAM, (e) CPC; and 99.5th percentile 3-hourly precipitation for (b) CAM, (d) SP-CAM, (f) CPC.

LI ET AL.: SUPER PARAMETERIZATION FOR EXTREME PRECIPITATION SIMULATIONSM04002 M04002
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Li, Rosa, Collins & Wehner, 2012

Extreme precipitation



African Easterly Waves

Symmetric signal to noise, 15ºN to 15ºS
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Specific humidity anomalies along 10ºN regressed onto 
the TD filtered time series of OLR from the basepoint 
10ºN, 10ºW.

Once again, moisture is critical.

g/kg g/kgg/kg
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Down-scaled tropical cyclones
Kerry Emanuel’s downscaling scheme

processes are explicitly resolved using the multi-scale mod-
eling framework, also known as the super-parameterization
[Grabowski, 2001; Khairoutdinov and Randall, 2001]. This
version of the model is referred to as SP-CCSM [Stan et al.,
2010] and it has the convection processes represented by a
2D cloud-process resolving model (CRM) embedded in
each grid column of the atmospheric component. CCSM
and SP-CCSM use the same horizontal resolution in their

components, spectral T42 (!300 km) for the atmosphere
and land models, and 3 degrees (!300 km) for the ocean
and ice models. The horizontal resolution of the individual
2D CRM is 4 km.
[7] Both simulations have the same initial conditions. The

atmospheric states are taken from an AGCM simulation
with observed SST climatology as boundary condition and
the ocean states are climatological values of temperature

Figure 1. Comparison between the TC activity simulated by CCSM (left) and SP-CCSM (right). (a, b) Genesis points,
(c, d) genesis density accumulated in a 5" # 5" area, (e, f ) track density accumulated in a 5" # 5" area, and (g, h) power
dissipation.

STAN: CUMULUS CONVECTION AND TROPICAL CYCLONES L19716L19716
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Comparison between the TC activity 
simulated by CCSM (left) and SP-CCSM 
(right). (a, b) Genesis points, (c, d) genesis 
density accumulated in a 5˚x 5˚ area, (e, 
f ) track density accumulated in a 5˚x 5˚ 
area, and (g, h) power dissipation.
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SpCAM CCSM
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Northward propagation of Asian monsoon rainfall
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MJO

When CMMAP started, we had a model that could produce a 
realistic simulation of the MJO.

As a result of the work summarized by Eric Maloney yesterday 
afternoon, we now have a much better understanding of the MJO.
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ENSO Simulation 
Niño 3.4 (5°S-5°N,170°W-120°W)

48 months
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How will the MJO change 
in a warmer climate?

• Influence on tropical rainfall 

• Coupling to the Asian Summer Monsoon

• Modulation of tropical cyclones
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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

A tremendous future intensification of the MJO

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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Coexistence going forward

Conventional parameterizations are not going away,  but will become resolution-
independent (following the example of the Unified Parameterization) and better overall.

Super-parameterized models are being used for century-long climate simulations now. 
CMMAP has made this possible.

GCRMs will be used for century-long climate simulations someday.

1965

2001

2030?

Conventional 
models

Super-
parameterized 

models

Global cloud-
resolving 
models



• Even a simple CRM is much better than a conventional 
parameterization of 2015.

• Super-parameterized models are evolving.  Version 2 is coming.

• Super-parameterization is a powerful tool for climate modeling, 
and maybe weather prediction too.

About super-parameterization



Nightfall



Funding ramp down

Year 1  
$3,004,702

Years 2- 8  
$4,000,0000/year

Year 9  
$3,200,000

Year 10  
$2,656,000

 
Years 11-99 

$0



The Year 10 budget is set.

• We have made numerous funding cuts 
over the past two years.

• How are projects being “closed out?”

• How and to what extent is work being 
transitioned to other sources of support?



We will stay in our building.



After the STC’s sunset, what happens to the

• Research ideas?

• Models?

• Data?

• E&D initiatives?

• KT activities?

• People?



We are not retiring.

We will continue developing our ideas, but will struggle to pay for it.

Some downscaling is inevitable.



To ensure that CMMAP will lead to a 
sustainable and identifiable research 
and education enterprise at Colorado 
State University (CSU), CSU has 
created an Earth System Modeling and 
Education Institute (ESMEI), as 
CMMAP’s institutional legacy.

ESMEI
(Earth System Modeling and Education Institute)



The “Earth System” in ESMEI

ESMEI is closely associated with CSU’s Department of Atmospheric Science, 
but will also welcome participation by faculty and staff from other CSU units. 
Our intention is that the Institute will have a broad Earth Science focus, and 
will help to make connections among Earth scientists,  across the University. 



ESMEI

• Support for 15-20 graduate student 
modelers-in-training

• Two international workshops per year

• Visiting scientists 

• Research and administrative staff

The launch date for ESMEI was July 1, 2014, so that ESMEI is ramping up as 
CMMAP ramps down. ESMEI has been chartered for seven years (out to five years 
after the end of CMMAP), with the possibility of renewal. 



Base funding for ESMEI

CSU is providing base funding to ESMEI, in part to support 
costs that cannot be paid by direct charges to external 
grants.

This generous support is coming from CSU’s Department of 
Atmospheric Science, the College of Engineering, and the Vice 
President for Research.

The base funding is ramping up over three years: $60 K the 
first year (starting July 1, 2014), $120 K the second year, and 
$240 K per year thereafter. 

This is a done deal.



ESMEI’s external funding will come from federal agencies and 
private foundations.

It won’t be enough.



Skunkworks

The model development work that CMMAP has done would 
be difficult if not impossible in a laboratory environment.

Some of us have been discussing the possibility of proposing 
a multi-university global modeling consortium, with multi-
agency support.



CSU is the only university in the U.S. that does in-house global atmospheric 
model development.

CSU is the only university in the U.S. where students can learn about 
climate modeling from faculty members who build climate models. 

Teach your children well.

There used to be others.
We are the last man standing.



How to make progress

Big idea

Talent

Funding

Extended duration

No operational responsibilities

Centralized direction

Why should this be the exception?




