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Drivers	
  for	
  the	
  project	
  

•  Many	
  phenomena	
  we	
  want	
  to	
  simulate	
  occur	
  	
  
at	
  the	
  very	
  small	
  scales	
  of	
  clouds	
  and	
  ocean	
  eddies.	
  

•  Two-­‐way	
  interac$ons	
  are	
  important	
  for	
  the	
  
organiza$on	
  and	
  variability	
  of	
  the	
  climate.	
  

•  Given	
  cost	
  of	
  uniform	
  ultra-­‐high	
  resolu$on,	
  	
  
sta$cally	
  or	
  dynamically	
  refinable	
  models	
  	
  
could	
  be	
  a	
  key	
  experimental	
  plaIorm.	
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Goals	
  of	
  the	
  project	
  

•  Develop,	
  validate,	
  and	
  apply	
  mul$scale	
  models	
  of	
  
the	
  climate	
  system	
  based	
  upon	
  atmospheric	
  and	
  
oceanic	
  components	
  with	
  variable	
  resolu$on.	
  

•  Exploit	
  new	
  variable	
  resolu$on	
  unstructured	
  grids	
  
based	
  on	
  finite	
  element	
  and	
  finite	
  volume	
  
formula$ons	
  developed	
  by	
  DOE.	
  

•  Integrate	
  advances	
  in	
  $me-­‐stepping	
  methods,	
  grid	
  
genera$on,	
  and	
  automated	
  op$miza$on	
  methods	
  
for	
  next-­‐genera$on	
  computer	
  architectures.	
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Clouds	
  scales	
  and	
  model	
  resolu$on	
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Requirements	
  for	
  the	
  next	
  
genera$on	
  of	
  model	
  physics	
  

•  Fidelity	
  down	
  to	
  scales	
  of	
  key	
  features	
  of	
  interest:	
  
cloud	
  systems	
  and	
  ocean	
  eddies	
  

•  Relaxa$on	
  of	
  usual	
  parameteriza$on	
  assump$ons:	
  
-  Ensembles:	
  	
   	
  	
  Grid	
  box	
  may	
  contain	
  ~1	
  system,	
  not	
  >>1	
  
-  Scale	
  separa.on:	
  Time	
  steps	
  and	
  grid	
  resolu$ons	
  comparable	
  to	
  

	
   	
  	
  	
  characteris$c	
  $me	
  and	
  length	
  scales	
  of	
  systems	
  
-  Equilibrium: 	
  	
  	
  Due	
  to	
  scale	
  “entanglement”,	
  sub-­‐grid	
  physics	
  	
  

	
   	
  	
  	
  are	
  not	
  in	
  equilibrium	
  with	
  boundary	
  condi$ons	
  	
  
	
   	
  	
  	
  imposed	
  by	
  resolved	
  fields	
  

-  No	
  memory: 	
  	
  	
  Sub-­‐grid	
  systems	
  will	
  retain	
  state	
  across	
  steps	
  
-  Scale	
  awareness:	
  	
  Physics	
  needs	
  to	
  quasi-­‐invariant	
  to	
  resolu$on	
  
-  Determinism: 	
  	
  	
  Physics	
  evolu$on	
  is	
  inherently	
  stochas$c.	
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Mul$scale	
  Team	
  
Principal	
  Inves.gator:	
   	
   	
  Bill	
  Collins	
  	
  

Science	
  Team	
  Leads:	
  
•  Atmosphere: 	
   	
   	
  Steve	
  Ghan	
  
•  Ocean: 	
   	
   	
  Todd	
  Ringler	
  
•  Computa.onal	
  Science: 	
  Carol	
  Woodward	
  
•  Mul.scale	
  UQ: 	
   	
  Don	
  Lucas	
  

Program	
  managers: 	
   	
   	
  Dorothy	
  Koch	
  (BER)	
  and
	
   	
   	
   	
   	
  Randall	
  Laviole@e	
  (ASCR)	
  

Laboratory	
  Staff	
  and	
  University	
  Pis: 	
  LANL,	
  LBNL,	
  LLNL,	
  ORNL	
  
	
   	
   	
   	
   	
   	
  PNNL,	
  SNL,	
  OSU,	
  NCAR,	
  

	
   	
   	
   	
   	
  UCLA,	
  and	
  UWM 	
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Connec$ons	
  to	
  SciDAC	
  Ins$tutes	
  

There	
  are	
  four	
  SciDAC	
  Ins$tutes:	
  
•  QUEST:	
  Quan.fica.on	
  of	
  Uncertainty	
  in	
  Extreme	
  Scale	
  Computa.ons	
  
•  SUPER:	
  Ins.tute	
  for	
  Sustained	
  Performance,	
  Energy	
  and	
  Resilience	
  
•  FastMATH:	
  Frameworks,	
  Algorithms	
  and	
  Scalable	
  Technologies	
  for	
  Mathema.cs	
  
•  SDAV:	
  Scalable	
  Data	
  Management,	
  Analysis,	
  and	
  Visualiza.on	
  

	
  

We	
  will	
  interact	
  with	
  3	
  of	
  these	
  Ins$tutes	
  via	
  liaisons:	
  
•  QUEST: 	
  Bert	
  Debusschere	
  (SNL)	
  
•  SUPER: 	
  Lenny	
  Oliker	
  and	
  Sam	
  Williams	
  (LBNL)	
  
•  FastMATH: 	
  Carol	
  Woodward	
  (LLNL)	
  
•  Exec	
  Council: 	
  Bill	
  Collins	
  (LBNL)	
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Treatments	



Model for Prediction Across Scales (MPAS)	
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Specific	
  Task	
  Areas	
  
•  MulKscale	
  modeling	
  of	
  the	
  atmosphere	
  

-  Clouds	
  and	
  convec.on	
  (3	
  approaches)	
  
-  Cloud	
  and	
  aerosol	
  microphysics	
  
-  Process	
  integra.on	
  
-  Verifica.on,	
  valida.on,	
  and	
  UQ	
  
-  Experimental	
  tests	
  of	
  the	
  mul.scale	
  atmosphere	
  

•  Development	
  and	
  tesKng	
  of	
  mulKscale	
  ocean	
  
-  Mul.scale	
  meoscale	
  eddy	
  parameteriza.ons	
  (4	
  stages)	
  
-  Verifica.on,	
  valida.on,	
  and	
  UQ	
  
-  Mul.scale	
  coupling	
  of	
  air-­‐sea	
  interac.ons	
  

•  ApplicaKon	
  of	
  the	
  mulKscale	
  Earth	
  system	
  model	
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Spectral Element Method

• Spectral Elements:  A Continuous Galerkin Finite 
Element Method 
– Uses finite element grids made of quadrilateral elements
– Galerkin formulation, with a Gauss-Lobatto quadrature

based inner-product
– Basis/test functions: degree d polynomials within each 

element, continuous across elements



Project	
  Elements	
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Current CAM5 Physics 

• Boundary Layer (Bretherton)

• Deep Convection (ZM)

• Shallow Convection (Park)

• Cloud Macrophysics (Park)

• Microphysics (MG)

• Radiation

• Aerosols

CLUBB

Tuesday, June 19, 12



CLUBB

• CLUBB = Cloud Layers Unified By Binormals 

• First developed by Golaz et al. (2002), maintained by University of 
Wisconsin Milwaukee (Vincent Larson’s group)

• “Incomplete” third-order turbulence closure (predicting 9 second and 
third order moments), centered around a trivariate assumed double 
gaussian PDF

• concurrently undergoing implementation into AM3 as part of CPT 
initiative

• Should provide unified treatment of PBL and shallow convection

• Goal is for better representation of boundary layer processes and 
aerosol effects

Tuesday, June 19, 12



Inferred profile 



Environment 



P (entrain fraction f) =
1
�

e�f/�

In	
  $me	
  step	
  	
  	
  	
  	
  	
  ,	
  the	
  probability	
  of	
  a	
  entrainment	
  event	
  is:	
  	
  	
  	
  	
  	
  	
  	
  �t

If	
  there	
  is	
  a	
  mixing	
  event,	
  entrain	
  a	
  frac$onal	
  amount	
  	
  	
  	
  :	
  	
  	
  f

P (an entrainment event) = |w|�t/⇥

Two	
  parameters,	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  ,	
  define	
  entrainment	
  	
  	
  	
  	
  � �

The	
  stochas$c	
  parcel	
  model	
  

A	
  set	
  of	
  ODE’s	
  determines	
  
the	
  parcel’s	
  height,	
  ver$cal	
  

velocity,	
  density,	
  etc.	
  



The	
  stochas$c	
  parcel	
  model	
  

Standard	
  devia$ons	
  

Ver$cal	
  velocity	
   Liquid-­‐water	
  poten$al	
  
temperature	
  

Total	
  water	
  



Importance	
  of	
  Subgrid	
  Variability	
  in	
  Aerosol	
  Water	
  Uptake	
  

Haywood	
  et	
  al.,	
  GRL,	
  1997	
  

Rela$ve	
  humidity	
  varies	
  
substan$ally	
  within	
  a	
  160	
  km	
  
cloud-­‐resolving	
  model	
  domain	
  

Ghan	
  and	
  Easter.,	
  GRL,	
  1998	
  

Aerosol	
  op$cal	
  depth	
  is	
  a	
  
highly	
  nonlinear	
  func$on	
  of	
  
rela$ve	
  humidity	
  

area	
  mean	
  OD	
  

2 GHAN AND EASTER: SUB-GRID SCALE RELATIVE HUMIDITY

Figure 1. Aerosol optical depth at at wavelenght of 0.55
µm plotted as a fu nction of relative humidity for an ammo-
nium sulfate aerosol with a log-normal si ze distribution (a
mean radius of 0.05 µm and a geometric standard deviati on
of 2) and a column number concentration of 3 � 108 cm�2.

all aerosol particles within cloud are activated, 1.93 assum-
ing only particles larger than 0.1 µm radius are activated,
and 7.6 assuming none of the particles are activated. The
optical depth at the grid cell mean RH (98.0%) is 1.50.
To summarize, HRD suggested that, because GCMs do

not account for sub-grid scale variability in RH and its im-
pact on water uptake and aerosol radiative properties, GCM
estimates of direct radiative forcing are systematically too
low. We suggest that, because water uptake is dominated by
conditions that favor aerosol activation and produce cloud,
the GCM estimates of direct radiative forcing may not be so
far o+. Direct radiative forcing within sub-grid scale clouds
is likely to be negligible because so many of the aerosol par-
ticles in clouds are activated, and hence cannot contribute
to direct radiative forcing (although activated aerosol ma-
terial in cloud droplets still scatters sunlight, the e+ective
radius of the cloud droplets is much larger than that of the
sulfate particles, so that the scattering by sunlight is much

less than if the particles remained suspended aerosols). Cor-
respondingly, however, there is the potential for indirect ra-
diative forcing by these sub-grid scale clouds, and a GCM
neglecting sub-grid scale clouds would neglect this contri-
bution to indirect radiative forcing. The calculation of this
indirect radiative forcing involves consideration of competi-
tion between natural and anthropogenic aerosol particles as
cloud condensation nuclei and is beyond the scope of our
comments. The reader should also note that, because water
uptake and aerosol activation are closely related processes,
these conclusions depend little on the aerosol particle com-
position; although insoluble particles are less likely to be
activated, water uptake is much less than for the more read-
ily activated soluble particles. Thus, the conditions most
likely to produce the greatest water uptake (high RH and
large soluble aerosol particles) are also those conditions most
favorable for aerosol activation.
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1. Motivation
Subgrid treatments for aerosols and their climate forcing are under-
studied yet potentially important. 

��What processes contribute most to subgrid aerosol variability, e.g. 
terrain, relative humidity differences, emissions, non-linearity of 
chemical reactions?

��What impact does neglected subgrid aerosol variability have on 
climate simulations?

Need to quantify trace gas and aerosol subgrid variability and docu-
ment the severity of neglecting this issue.

2. Methodology
Use WRF-Chem to simulate 
differences in variability 
between two grid spacings.

High-resolution domain 
serves as a proxy for added 
variability that would be 
present in the real world.

Coarse simulations cannot reproduce the realistic, observed aero-
sol variability, which leads to biases in the aerosol climate impact.

3. Impact of Scale on Different Species
Inert species, such as carbon monoxide and black carbon, possess 
different subgrid characteristics than more reactive species, such as 
ozone, sulfate, nitrate, and ammonium. Differences include skewed 
distributions and the range of variability seen on subgrid scales.

Gases exhibit more uniform horizontal subgrid variability through-
out the depth of the PBL compared to particles.

4. Impact of Scale on Direct Aerosol 
Radiative Forcing
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tive forcing, which lead to uncertainty in climate predictions.

Neglecting subgrid variability results in >30% error over much of 
central Mexico in TOA direct aerosol radiative forcing, whole do-
main average over 2 weeks is ~10% error.

75 km (e.g. GCM) 3 km (e. g. CRM)

75 km 3 km

Within each 75-km grid cell lies 625 3-km grid cells. 
For clarity, not all 3-km cells are shown. 
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Statistics showing spatial variation of shortwave direct aerosol radiative forcing for the 
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Statistics showing spatial variation of shortwave direct aerosol radiative forcing for the 
75-km vs. the 3-km simulations. Results averaged for the period 4–21 March 2006 at 23 
UTC. Units are W m2	.
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1. Motivation
Subgrid treatments for aerosols and their climate forcing are under-
studied yet potentially important. 

��What processes contribute most to subgrid aerosol variability, e.g. 
terrain, relative humidity differences, emissions, non-linearity of 
chemical reactions?

��What impact does neglected subgrid aerosol variability have on 
climate simulations?

Need to quantify trace gas and aerosol subgrid variability and docu-
ment the severity of neglecting this issue.

2. Methodology
Use WRF-Chem to simulate 
differences in variability 
between two grid spacings.

High-resolution domain 
serves as a proxy for added 
variability that would be 
present in the real world.

Coarse simulations cannot reproduce the realistic, observed aero-
sol variability, which leads to biases in the aerosol climate impact.

3. Impact of Scale on Different Species
Inert species, such as carbon monoxide and black carbon, possess 
different subgrid characteristics than more reactive species, such as 
ozone, sulfate, nitrate, and ammonium. Differences include skewed 
distributions and the range of variability seen on subgrid scales.

Gases exhibit more uniform horizontal subgrid variability through-
out the depth of the PBL compared to particles.

4. Impact of Scale on Direct Aerosol 
Radiative Forcing
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tive forcing, which lead to uncertainty in climate predictions.

Neglecting subgrid variability results in >30% error over much of 
central Mexico in TOA direct aerosol radiative forcing, whole do-
main average over 2 weeks is ~10% error.

75 km (e.g. GCM) 3 km (e. g. CRM)

75 km 3 km

Within each 75-km grid cell lies 625 3-km grid cells. 
For clarity, not all 3-km cells are shown. 
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Statistics showing spatial variation of shortwave direct aerosol radiative forcing for the 
75-km vs. the 3-km simulations. Results averaged for the period 4–21 March 2006 at 23 
UTC. Units are W m2	.
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PDFs	
  from	
  high-­‐resolu$on	
  
simula$ons	
  will	
  guide	
  
development	
  of	
  a	
  subgrid	
  
scheme	
  for	
  aerosols	
  driven	
  by	
  
subgrid	
  emissions	
  and	
  the	
  
CLUBB	
  subgrid	
  cloud	
  scheme	
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Numerical Coupling Errors 
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Problem: Current Configuration: 
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CAM5 Process Ordering Results: Zonal mean low-level condensate path 
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Fig: Zonal-mean LWP below ~820 mb from last 3 days 
of 5 day cam5_1_16 2o run 



Mul$-­‐scale	
  Uncertainty	
  Quan$fica$on	
  of	
  CESM	
  

OAT−based sensitivity indiex [average]
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Need	
  
•  Understand	
  CESM	
  sensi$vi$es	
  and	
  
uncertain$es	
  at	
  all	
  resolu$on	
  

•  “Stabilize”	
  CESM	
  output	
  as	
  resolu$on	
  is	
  
varied	
  	
  

Approach	
  
•  Bayesian	
  hierarchical,	
  mul$-­‐	
  fidelity	
  
surrogate	
  modeling	
  	
  

•  Goh	
  et	
  al.,(2012),	
  arXiv:1208.2716v1	
  
•  Qian	
  et	
  al.,	
  (2008),	
  Technomet.	
  

•  Hi-­‐res	
  approximated	
  with	
  lo-­‐res	
  and	
  
discrepancies	
  for	
  parameters	
  p	
  

	
  Yhi(p)	
  =	
  Ylo(p)	
  +	
  dhi-­‐lo(p)	
  +	
  dhi-­‐obs(p)	
  +	
  e	


	



Benefits	
  
•  Characterize	
  uncertain$es/sensi$vi$es	
  of	
  	
  
hi-­‐res	
  model	
  using	
  cheaper	
  lo-­‐res	
  
simula$ons	
  

•  Common	
  model	
  calibra$on	
  across	
  scales	
  

hi-­‐res	
  
output	
  

lo-­‐res	
  
output	
  

resolu$on	
  
discrepancy	
  

observa$on	
  
discrepancy	
  

observa$on	
  
error	
  

Above:	
  The	
  rank	
  order	
  of	
  important	
  parameters	
  
in	
  CAM5	
  is	
  highly	
  correlated	
  at	
  different	
  model	
  
resolu.ons	
  (image	
  courtesy	
  of	
  CSSEF)	
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high-resolution 	


region	



MPAS-Ocean offers a route to 	


multiscale simulation of the global ocean system.	



Global ocean simulation	


containing both eddy-permitting	



and non-eddying resolutions	



Snapshot of kinetic energy:	


7.5 km resolution in North Atlantic	


and 40 km resolution elsewhere.	



We resolve mesoscale eddies in the high-resolution	


region, but not in the low-resolution region.	





The challenge of mesoscale eddy closure	


within a multiscale ocean modeling system.	



Our goal is to create an ocean modeling system 
that seamlessly transitions between eddy 
permitting regions and non-eddy permitting 
regions.	


	


Numerous empirical models exist for how the 
eddy closure parameter should depend on the 
resolved ocean state, but we lack theoretical 
guidance.	


	


While short-term “engineering” solutions are 
possible, the full potential of multiscale MPAS-O 
can not be realized until robust closures are 
obtained.	



Simulations that attempt to support highly 
heterogeneous distributions of grid-scale 
will require robust closure methods for 

parameterizing mesoscale eddies. 	





Work Plan	

 Anticipated Outcomes	



(2012) Implement baseline Gent-McWilliams	


closure into MPAS-O	


	


	


	


(2013) Evaluate existing candidates for 
multiscale closure of mesoscale eddies in 
idealized settings.	


	


	


	


(2014) Evaluate best performer(s) in global, 
multiscale ocean simulations.	


	


	


	


(2015) Build new and/or improve existing 
multiscale closures.	



Viable quasi-uniform global ocean model 
suitable for climate change studies.	


	


	


	


Scientific publications.	


	


	


	


	


	


Viable multiscale, global ocean model suitable 
for climate change studies.	


	


	


	


Improved multiscale ocean simulations and 
scientific publications.	



Proposed development path for of multiscale MPAS-O	





Grand	
  challenge	
  simula$ons	
  
1.  Scale	
  dependence	
  and	
  uncertainty	
  in	
  cloud	
  feedbacks	
  
2.  Mul$scale	
  ocean-­‐atmosphere	
  interac$ons	
  in	
  warmer	
  climates	
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