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Bridging	  the	  Gap:	  	  
Test	  Case	  Hierarchy	  with	  Increasing	  Complexity	  

2D	  (xz-‐slice)	  
and	  3D	  Dry	  
Dynamical	  
Core	  Tests	  

•  Moist	  baroclinic	  waves	  (DCMIP	  4.2,	  Extension	  of	  	  JW	  (QJ,	  2006))	  
•  Tropical	  Cyclone	  Test	  Case	  (Reed	  and	  Jablonowski,	  MWR	  2011,	  2012)	  
•  Moist	  Held-‐Suarez	  (Thatcher	  and	  Jablonowski,	  GMDD	  2015)	  

	  another	  approach:	  Frierson	  et	  al.	  (JAS,	  2006)	  
•  Super-‐Cell	  Storm	  (Klemp	  et	  al.,	  JAMES	  2015)	  

Simplified	  
Physics	  	  
Test	  Cases:	  



	  	  Moist	  Held-‐Suarez	  Test:	  All	  Details	  are	  Here	  

GMDD	  also	  provides	  the	  Fortran	  code	  of	  the	  simplified	  physics	  package	  	  
for	  the	  moist	  Held-‐Suarez	  test	  case	  



	  	  Physics-‐Dynamics	  
Coupling:	  
Workshop	  	  
Announcement	  

Sep/20-‐22/2016	  
at	  PNNL	  
h_p://events.pnnl.gov/
default.aspx?
topic=Physics_Dynamics_Coupling_i
n_Weather_and_Climate_Models	  



	  	  
Recent	  Papers	  on	  Physics-‐Dynamics	  Coupling	  

Submi_ed	  to	  JAMES,	  Jan.	  2016	  

Gross,	  M.,	  S.	  Malardel,	  C.	  Jablonowski	  and	  N.	  Wood,	  2016:	  Bridging	  the	  	  
(knowledge)	  gap	  between	  physics	  and	  dynamics.	  Bull.	  Amer.	  Meteor.	  Soc.,	  	  
Vol.	  97,	  137-‐142,	  doi:	  10.1175/BAMS-‐D-‐15-‐00103.1	  



QuesLons	  to	  Ask	  &	  Today’s	  Talking	  Points	  (in	  red)	  

•  What	  is	  the	  moLvaLon	  and	  idea	  behind	  the	  moist	  Held-‐
Suarez	  test?	  

•  Is	  it	  reasonable:	  How	  does	  a	  moist	  Held-‐Suarez	  (HS)	  aqua-‐
planet	  general	  circula&on	  compare	  to	  a	  full-‐physics	  CAM5	  
aqua-‐planet	  general	  circula&on?	  

•  What	  do	  we	  learn	  about	  the	  physics-‐dynamics	  coupling?	  
•  Intercomparison:	  How	  do	  the	  different	  CAM5	  dynamical	  

cores	  compare	  in	  moist	  HS	  and	  complex	  aqua-‐planet	  
experiments?	  

•  Unit	  tes&ng:	  How	  does	  the	  moist	  HS	  configura&on	  compare	  
to	  aqua-‐planet	  simula&ons	  that	  omit	  some	  processes	  (like	  
the	  deep	  convec&on	  parameteriza&on)?	  

•  Can	  we	  replicate	  some	  aspects	  of	  the	  complex	  physics-‐
dynamics	  interac&ons	  with	  the	  moist	  HS	  setup?	  



MoLvaLon:	  	  
Results	  from	  the	  Aqua-‐Planet	  Experiment	  (APE)	  

•  Aqua-‐planet	  model	  intercomparison	  revealed	  a	  huge	  spread	  in	  the	  
GCM	  circula&ons	  and	  precipita&on	  characteris&cs	  

•  Impossible	  to	  tell	  whether	  the	  APE	  differences	  are	  due	  to	  physics	  
parameteriza&ons	  or	  the	  dynamical	  cores	  or	  both?	  

•  The	  most	  HS	  test	  levels	  the	  playing	  field	  (idenLcal	  physics).	  

Zonal-‐mean	  
Lme-‐mean	  total	  	  
precipitaLon	  rates	  	  
(hemispherically	  	  
averaged)	  in	  16	  GCMs	  
in	  aqua-‐planet	  mode,	  	  
see	  	  
Blackburn	  at	  al.	  (2013)	  



Surface	  fluxes	  of	  sensible	  &	  
latent	  heat,	  and	  momentum	  

Large-‐scale	  
condensa&on	  

Design	  of	  the	  Moist	  Version	  of	  the	  Held-‐Suarez	  
Test	  on	  an	  Aqua-‐Planet	  (prescribed	  SST)	  

Surface	  momentum	  fluxes	  and	  PBL	  
mixing	  of	  momentum:	  
Rayleigh	  Fric&on	  between	  the	  
surface	  and	  700	  hPa	  

PBL	  Mixing	  of	  pot.	  
	  T,	  q,	  u,	  v	  

Simple-‐Physics	  (Reed	  and	  Jablonowski	  2012)	  

Radia&on:	  	  
Newtonian	  
Temperature	  
relaxa&on	  

Held	  and	  Suarez	  
(BAMS,	  1994)	  physics	  

Merge	  



•  Climate test: Run model for 3 years, disregard first 6 months 
(spinup), analyze the time-mean zonal-mean circulation (2.5 y)

•  Prescribe the sea surface temperature with analytic function
•  Add a specific humidity field q to the dynamical and transport it 

as a tracer, introduce moist HS forcing mechanisms
•  Compute condensation C tendencies to force q and the 

temperature T whenever the relative humidity (RH) at a grid 
point exceeds a threshold (e.g. RH > 100%): 
 
 
 
 

•  The large-scale precipitation Pls removes the water 
instantaneously without a cloud stage, no re-evaporation

•  Kessler warm rain scheme (3 water species) works just as well

Moist	  Held-‐Suarez	  Test:	  Basic	  Ideas	  



Moist	  Held-‐Suarez	  Test:	  Basic	  Ideas	  
•  Merge and tune the Reed and Jablonowski (2012) simple-

physics and the Held and Suarez (1994) physics forcings
•  The forcing mechanisms are  
 
 
 
 
 
 
 
 
 

•  Plus: PBL mixing
–  HS Rayleigh friction below 700 hPa and 2nd-order diffusion of 

potential temperature and specific humidity with flow-
dependent mixing coefficient.

Temperature	  relaxa&on	  

Condenda&on	  
&	  	  

Surface	  Fluxes	  

CX:	  increased	  by	  factor	  4	  

modified	  



Why	  Do	  We	  Need	  a	  ModificaLon	  of	  the	  Held-‐Suarez	  
Equilibrium	  Temperature	  Teq?	  
Moist	  Held-‐Suarez	  Teq	  

Temperature	  Difference:	  
Moist	  –	  Dry	  
Moist	  Teq	  is	  up	  to	  26	  K	  colder	  than	  
dry	  Teq,	  the	  general	  circula&on	  was	  
unreasonable	  with	  the	  dry	  Held-‐
Suarez	  Teq	  profile	  

Dry	  Held-‐Suarez	  Teq	  



Modeling	  Framework:	  CAM5	  dynamical	  cores	  
The	  Community	  Atmosphere	  Model	  (CAM)	  provides	  four	  different	  
dynamical	  cores	  (based	  on	  the	  primi&ve	  equa&ons):	  
1.   Semi-‐Lagrangian	   (SLD):	   two-‐&me-‐level,	   semi-‐implicit	   semi-‐

Lagrangian	  spectral	  transform	  model,	  Gaussian	  grid,	  1800	  s	  PDC	  
2.   Eulerian	   (EUL):	   three-‐&me-‐level,	   semi-‐implicit	   Eulerian	   spectral	  

transform	  dycore,	  Gaussian	  grid,	  600	  s	  PDC	  interval	  
3.   Finite-‐Volume	   (FV):	   default	   dynamical	   core	   in	   CAM	   5	   &	   CAM	  

5.1,	  grid-‐point-‐based	  finite-‐volume	  discre&za&on,	  explicit	  &me-‐
stepping	  scheme,	  la&tude-‐longitude	  grid,	  1800	  s	  PDC	  interval	  

4.   Spectral	   Element	   (SE):	   newest	   dynamical	   core,	   based	   on	  
con&nuous	   Galerkin	   spectral	   finite	   element	  method,	   designed	  
for	  fully	  unstructured	  quadrilateral	  meshes	  (cubed-‐sphere	  grid),	  
locally	   energy-‐	   and	   mass-‐conserving,	   explicit	   &me-‐stepping	  
scheme,	  1800	  s	  Physics-‐Dynamics	  Coupling	  (PDC)	  interval	  



Moist	  Held-‐Suarez	  and	  Complex	  Aqua-‐Planet	  

Thatcher	  and	  Jablonowski,	  GMDD	  2015	  

Moist	  Held-‐Suarez	  with	  simple-‐physics	   Aqua-‐Planet	  with	  complex	  CAM5	  physics	  

CAM-‐SE	  1°	  L30:	  Reasonable	  -‐	  Moist	  Held-‐Suarez	  mimics	  Aqua-‐Planet	  

Temperature	  

Zonal	  wind	  



Moist	  Held-‐Suarez	  and	  Complex	  Aqua-‐Planet	  

Moist	  Held-‐Suarez	  with	  simple-‐physics	   Aqua-‐Planet	  with	  complex	  CAM5	  physics	  

CAM-‐SE	  1°	  L30:	  Reasonable	  -‐	  Moist	  Held-‐Suarez	  mimics	  Aqua-‐Planet	  

Less	  efficient	  	  
upward	  moisture	  
transport	  in	  PBL,	  but	  distribu&ons	  
are	  similar	  

Specific	  humidity	  

Rela&ve	  Humidity	  

Lack	  of	  deep	  	  
convec&on	  leads	  	  
to	  dryer	  areas	  	  
near	  the	  tropopause	  



Moist	  Held-‐Suarez	  and	  Complex	  Aqua-‐Planet	  
CAM-‐SE	  1°	  L30:	  Reasonable	  –	  Eddy	  transports	  are	  comparable	  

Aqua-‐Planet	  with	  complex	  CAM5	  physics	  Moist	  Held-‐Suarez	  with	  simple-‐physics	  

Eddy	  Kine&c	  	  
Energy	  

Eddy	  	  
Heat	  Flux	  



Moist	  Held-‐Suarez	  and	  Complex	  Aqua-‐Planet	  
CAM-‐SE	  1°	  L30:	  Reasonable	  –	  Physics	  forcing	  magnitudes	  comparable	  

Aqua-‐Planet	  with	  complex	  CAM5	  physics	  Moist	  Held-‐Suarez	  with	  simple-‐physics	  

Deep	  convec-‐	  
&on	  peaks	  	  
higher	  up	  

Focus	  on	  	  
the	  tropics	  

Large-‐scale	  
condensa&on	  

Temperature	  	  
tendency	  

Moisture	  
tendency	  



Moist	  Held-‐Suarez	  and	  Complex	  Aqua-‐Planet	  

Moist	  Held-‐Suarez	  with	  simple-‐physics	  

Aqua-‐Planet	  with	  complex	  CAM5	  physics	  CAM-‐SE	  1°	  L30:	  	  
Similar	  tropical	  waves	  
are	  apparent	  in	  the	  total	  
precipitaLon	  rate	  	  
(averaged	  between	  5S-‐5N)	  
in	  moist	  Held-‐Suarez	  (top)	  	  
and	  Aqua-‐Planet	  (bo_om)	  
runs	  (here	  eastward	  	  
traveling	  Kelvin	  waves)	  

Precipita&on	  is	  less	  	  
organized	  in	  the	  moist	  HS	  	  
experiment	  due	  to	  simplicity	  
of	  precipita&on	  

mm/day	  

Same	  Kelvin	  wave	  phase	  speeds	  



Moist	  HS:	  Physics	  –	  Dynamics	  Coupling	  
Ver&cal	  pressure	  velocity	  snapshot	  at	  850	  hPa	  (Pa/s)	  in	  CAM-‐SE	  

Resolu&on:	  110	  km,	  L30	  

Severe	  gravity	  wave	  noise	  in	  the	  tropics	  



Moist	  HS:	  Physics	  –	  Dynamics	  Coupling	  
Ver&cal	  pressure	  velocity	  snapshots	  at	  850	  hPa	  (Pa/s)	  in	  CAM-‐SE	  

Dry:	  No	  noise	  

Resolu&on:	  110	  km,	  L30	  

noise	  

noise	  

noise	  



What	  Are	  the	  Possible	  Causes	  for	  the	  
Gravity	  Wave	  Noise	  in	  CAM-‐SE?	  

The	  SE	  dycore	  provides	  various	  op&ons	  for	  
1.  Ver&cal	  discre&za&on	  (FD	  versus	  ver&cal	  floa&ng	  Lagrangian)	  
2.  Various	   op&ons	   for	   the	   default	   floa&ng	   Lagrangian	   coordinate	  

(user-‐defined	  remap	  interval)	  
3.  4th-‐order	  hyperdiffusion	  coefficient	  for	  rota&onal	  and	  divergent	  

mo&ons	  can	  be	  different	  (default:	  Kdiv	  =	  2.52	  x	  Krot)	  
4.  Various	   Runge-‐Ku_a	   &me	   stepping	   variants,	   complicated	  

subcycling	  is	  present	  
5.  Viola&on	  of	  stability	  constraints?	  Dynamics	  &me	  steps	  too	  long?	  
6.  Various	  op&ons	  	  for	  the	  physics-‐dynamics	  coupling	  interval:	  

sudden	  adjustment	  of	  the	  physics	  tendencies	  aqer	  long	  physics	  
&me	  steps	   (se_qype	  =	  1)	  or	  gradual	  applica&on	  of	   the	  physics	  
tendencies	  in	  the	  subcycled	  dycore	  (se_qype	  =	  0)	  



Moist	  HS:	  Physics	  –	  Dynamics	  Coupling	  

Resolu&on:	  110	  km,	  L30	  

Try:	  Ver&cal	  Finite-‐Difference	  Scheme,	  	  Iden&cal	  diffusion	  coefficients	  	  

Noise	  is	  present,	  not	  the	  root	  cause	  

b.	  Krot	  =	  Kdiv	   d.	  Krot	  =	  Kdiv	  

model	  variants	  



Moist	  HS:	  Physics	  –	  Dynamics	  Coupling	  

Resolu&on:	  110	  km,	  L30	  

Try	  variants:	  Different	  dynamics	  &me	  steps	  and	  ver&cal	  remap	  intervals	  

Noise	  is	  present,	  
not	  the	  root	  cause	  

Shorter	  dynamics	  &me	  steps	  	  
Shorter	  remap	  interval	  
	  

Default	  Time	  Step	  Serngs	  
for	  the	  dynamics	  
	  



CAM-‐SE:	  Physics	  –	  Dynamics	  Coupling	  OpLons	  
•  CAM-‐SE	  &me-‐split	  coupling:	  means	  that	  the	  physics	  package	  

receives	  the	  updated	  state	  variables	  from	  the	  dynamical	  core.	  
•  The	  physics	  and	  dynamics	  &me	  steps	  are	  different.	  Dynamics	  &me	  

steps	  are	  subcycled	  (typically	  shorter	  by	  a	  factor	  of	  6).	  
•  Two	  available	  op&ons,	  both	  compute	  the	  physics	  tendencies	  every	  

1800	  s	  
•  se_qype=1,	  sudden	  adjustment	  (default)	  

Physics	  tendencies	  are	  immediately	  applied	  to	  update	  the	  state	  
variables.	  
	  

•  se_qype=0	  gradual	  adjustment	  
Physics	  tendencies	  are	  divided	  by	  6.	  They	  are	  not	  immediately	  
applied	  but	  transferred	  to	  the	  dycore.	  The	  dycore	  applies	  them	  
at	  each	  subcycled	  &me	  step	  (6	  &mes).	  

tn+1	  

tn+1	  tn	  

tn	  



Moist	  HS:	  Physics	  –	  Dynamics	  Coupling	  
Try:	  Different	  physics-‐dynamics	  coupling	  strategy	  

se_qype=1,	  sudden	  adjustment	  (default),	  se_qype=0	  gradual	  adjustm.	  

Noise	  caused	  by	  extreme	  precipita&on	  
and	  sudden,	  large	  hea&ng	  tendencies	  

Problem	  solved	  



Intercomparison:	  Physics	  –	  Dynamics	  Coupling	  
Instantaneous	  ver&cal	  pressure	  velocity	  at	  850	  hPa	  (Pa/s)	  in	  all	  	  

CAM	  dycores	  with	  moist	  HS	  forcing	  

Some	  Gibbs	  ringing	  

Some	  Gibbs	  ringing	  

FV:	  smoothest	  fields	  



Intercomparisons:	  CAM5	  dynamical	  cores	  

•  The	  kine&c	  energy	  
(KE)	  spectra	  of	  the	  
moist	  HS	  experiments	  
(solid)	  replicate	  the	  
KE	  spectra	  of	  the	  
complex	  CAM5	  aqua-‐
planet	  runs	  (dashed).	  
	  
Here	  with	  110-‐150	  
km	  grid	  spacing.	  



Intercomparisons:	  CAM5	  dynamical	  cores	  
•  Moist	  HS	  experiments	  highlight	  dynamical	  core	  differences	  

in	  the	  tropics	  	  Mean	  Precipita&on	  Rate	  (mm/day)	  

Column-‐Integrated	  Divergence	  

La&tude	  

Divergence	  between	  	  
surface	  and	  800	  hPa	   Coupling:	  More	  precipita&on	  &	  more	  latent	  hea&ng	  

lead	  to	  higher	  updraq	  speeds	  	  

More	  convergence:	  
more	  rain	  



Conclusions	  
•  The	  interac&ons	  between	  the	  dynamical	  core	  and	  moisture	  

processes	  can	  already	  be	  simulated	  with	  very	  simple	  model	  
configura&ons,	  like	  large-‐scale	  condensa&on,	  simple-‐physics,	  or	  
the	  moist	  HS	  test	  

•  Large-‐scale	  condensa&on	  can	  also	  be	  replaced	  with	  Kessler-‐like	  
warm	  rain	  scheme.	  Leads	  to	  almost	  iden&cal	  results.	  

•  Some	  aspects	  of	  the	  complex	  GCM	  behaviors	  can	  be	  replicated	  
with	  the	  simplified	  physics	  setups.	  

•  Tests	  give	  access	  to	  an	  easier	  understanding	  of	  the	  physics-‐
dynamics	  coupling.	  

•  Using	  iden&cal	  physics	  for	  dynamical	  cores	  levels	  the	  playing	  field	  
•  Approach	  allows	  unit	  tes&ng	  of	  selected	  parameteriza&ons	  or	  

tests	  of	  the	  physics-‐dynamics	  coupling	  technique	  
•  Test	  holds	  promise	  to	  be	  useful	  for	  community	  use,	  can	  also	  be	  

further	  modified,	  e.g.	  mixed-‐layer	  ocean	  instead	  of	  constant	  SST	  
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