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Basic	  Principles	  

!  Forecast	  accuracy	  
!  Fully	  compressible	  equaMons	  
!  DiscreMzaMon	  methods	  that	  minimize	  
generaMon	  of	  computaMonal	  noise	  and	  reduce	  
or	  eliminate	  need	  for	  numerical	  filters	  

!  ComputaMonal	  efficiency,	  robustness	  
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NonhydrostaMc	  Mesoscale	  Model	  	  
(NMM)	  

!  Built	  on	  NWP	  and	  regional	  climate	  experience	  by	  
relaxing	  hydrostaMc	  approximaMon	  (Janjic	  et	  al.,	  
2001,	  MWR;	  Janjic,	  2003,	  MAP,	  Janjic	  et	  al.,	  2010)	  

!  Add-‐on	  nonhydrostaMc	  module	  
!  Easy	  comparison	  of	  hydrostaMc	  and	  nonhydrostaMc	  
soluMons	  

!  Reduced	  computaMonal	  effort	  at	  lower	  resoluMons	  
!  General	  terrain	  following	  verMcal	  coordinate	  
based	  on	  pressure	  (non-‐divergent	  flow	  remains	  on	  
constant	  pressure	  surfaces)	  
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Inviscid	  AdiabaMc	  EquaMons	  

TSfc ππµ −= Difference	  between	  hydrostaMc	  pressures	  at	  surface	  and	  
top	  	  

π HydrostaMc	  pressure	  
p NonhydrostaMc	  pressure	  

pRT=α Gas	  law	  
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ConMnued	  …	  
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Π 	  Constant	  depth	  of	  hydrostaMc	  pressure	  layer	  at	  the	  top	  	  	  
1σ 	  Zero	  at	  top	  and	  bo<om	  of	  model	  atmosphere	  	  

2σ 	  Increases	  from	  0	  to	  1	  from	  top	  to	  bo<om	  
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NonhydrostaMc	  Dynamics	  Specifics	  

!  Φ,	  w,	  ε 	  are	  not	  independent,	  no	  independent	  
prognosMc	  equaMon	  for	  w!	  

!  More	  complex	  numerical	  algorithm,	  but	  no	  over-‐
specificaMon	  of	  w	  

!  ε <<1	  in	  meso	  and	  large	  scale	  atmospheric	  flows	  

!  Impact	  of	  nonhydrostaMc	  dynamics	  becomes	  
detectable	  at	  resoluMons	  <10km,	  important	  at	  
1km.	  
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Horizontal	  Coordinate	  System,	  
Rotated	  Lat-‐Lon	  

!  Rotates	  the	  Earth’s	  laMtude	  and	  longitude	  so	  
that	  the	  intersecMon	  of	  the	  Equator	  and	  the	  
prime	  meridian	  is	  in	  the	  center	  of	  the	  domain	  
!  Minimized	  convergence	  of	  meridians	  
!  More	  uniform	  grid	  spacing	  than	  on	  a	  regular	  lat-‐
lon	  grid	  

!  Allows	  longer	  Mme	  step	  than	  on	  a	  regular	  lat-‐lon	  
grid	  	  
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Horizontal	  E	  grid	  
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VerMcal	  Coordinate	  
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Sangster,	  1960;	  
Arakawa	  &	  
Lamb,	  1977	  
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VerMcal	  Staggering	  
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!  ConservaMon	  of	  important	  properMes	  of	  the	  
conMnuous	  system	  aka	  “mimeMc”	  approach	  in	  
Comp.	  Math.	  	  (Arakawa	  1966,	  1972,	  …;	  
Jacobson	  2001;	  Janjic	  1977,	  1984,	  …;	  
Sadourny,	  1968,	  …	  ;	  Tripoli,	  1992	  …)	  

	  

Space	  DiscreMzaMon	  Principles	  
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!  Nonlinear	  energy	  cascade	  controlled	  through	  energy	  and	  
enstrophy	  conservaMon	  

!  A	  number	  of	  properMes	  of	  differenMal	  operators	  preserved	  
!  QuadraMc	  conservaMve	  finite	  differencing	  
!  A	  number	  of	  first	  order	  (including	  momentum)	  and	  
quadraMc	  quanMMes	  conserved	  

!  Omega-‐alpha	  term,	  transformaMons	  between	  KE	  and	  PE	  
!  Errors	  associated	  with	  representaMon	  of	  orography	  
minimized	  

!  Mass	  conserving	  posiMve	  definite	  monotone	  Eulerian	  
tracer	  advecMon	  

Space	  DiscreMzaMon	  Principles	  
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Atmospheric	  Spectrum	  
!  Numerical	  models	  generally	  generate	  excessive	  
small	  scale	  noise	  
!  False	  nonlinear	  energy	  cascade	  (Phillips,	  1954;	  
Arakawa,	  1966	  …	  ;	  Sadourny	  1975;	  …)	  

!  Other	  computaMonal	  errors	  
!  Historically,	  problem	  controlled	  by:	  

!  Removing	  spurious	  small	  scale	  energy	  by	  numerical	  
filtering,	  dissipaMon	  

!  PrevenMng	  excessive	  noise	  genera/on	  by	  enstrophy	  
and	  energy	  conservaMon	  (Arakawa,	  1966	  …	  ,	  Janjic,	  
1977,	  1984;	  Janjic	  et	  al.,	  2010)	  by	  design	  
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NMM 

* 	  E	  grid	  FD	  schemes	  also	  reformulated	  for,	  and	  used	  in	  ESMF	  compliant	  B	  grid	  
model	  being	  developed	  

AdvecMon,	  divergence	  operators,	  each	  point	  talks	  
to	  8	  neighbors	  

?	  

?	   ?	  

?	  
Formal 4-th order 

accurate 
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!   Three	  sophisMcated	  momentum	  
advecMon	  schemes	  with	  idenMcal	  
linearized	  form,	  and	  therefore	  
idenMcal	  truncaMon	  errors	  and	  
formal	  accuracy,	  but	  different	  
nonlinear	  conservaMon	  properMes.	  	  
Janjic,	  1984,	  MWR	  (blue);	  controlled	  
energy	  cascade,	  but	  not	  enstrophy	  
conserving,	  Arakawa,	  1972,	  UCLA	  
(red);	  energy	  and	  alternaMve	  
enstrophy	  conserving,	  Janjic,
1984,MWR	  (green)	  

!   Different	  nonlinear	  noise	  levels	  
(green	  scheme)	  with	  idenMcal	  formal	  
accuracy	  and	  truncaMon	  error	  (Janjic	  
et	  al.,	  2011,	  MWR)	  

!   In	  nonlinear	  systems	  conservaMon	  
more	  important	  than	  formal	  
accuracy	  

	  

Second order schemes 

Fourth order schemes 

116 days 
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 Topography                                                                     
13. 1.2005.    0 UTC + 00012                                                    

Potential temperature, January 13, 2005, 00Z 
12 hour forecasts, 3 deg contours 

Example	  of	  nonphysical	  small	  scale	  energy	  source	  
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Lateral	  Boundary	  CondiMons	  
!  Specified	  from	  the	  driving	  model	  along	  external	  
boundaries	  

!  4-‐point	  averaging	  along	  first	  internal	  row	  
(Mesinger	  and	  Janjic,	  1974;	  Miyakoda	  and	  RosaM,	  
1977;	  Mesinger,	  1977)	  

!  Upstream	  advecMon	  area	  next	  to	  the	  boundaries	  
from	  2nd	  internal	  row	  
!  AdvecMon	  well	  posed	  along	  the	  boundaries,	  no	  
computaMonal	  boundary	  condiMon	  needed	  

!  DissipaMve	  
!  HWRF	  internal	  nesMng	  discussed	  elsewhere	  
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Lateral	  Boundary	  CondiMons	  
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Domain	  Interior	  

External	  Boundary	  
First	  Internal	  Row	  

Upstream	  Advec/on	  Area	  
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Time	  IntegraMon	  
!   Explicit	  where	  possible	  for	  accuracy,	  reduced	  
communicaMons	  on	  parallel	  computers	  
!  Horizontal	  advecMon	  of	  u,	  v,	  T,	  tracers	  (including	  q,	  cloud	  
water,	  TKE	  …)	  

! Coriolis	  force	  
!   Implicit	  for	  fast	  processes	  that	  require	  a	  restricMvely	  
short	  Mme	  step	  for	  numerical	  stability,	  only	  in	  verMcal	  
columns,	  no	  impact	  on	  scalability	  
!  VerMcal	  advecMon	  of	  u,	  v,	  T,	  tracers	  and	  verMcally	  
propagaMng	  sound	  waves	  

!  No	  Mme	  splixng	  and	  no	  iteraMve	  Mme	  stepping	  
schemes	  in	  basic	  dynamics	  equaMons	  for	  accuracy	  and	  
computaMonal	  efficiency	  
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Horizontal	  advecMon	  and	  Coriolis	  
Force	  
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Non-‐iteraMve	  2nd	  order	  Adams-‐Bashforth:	  

	  
	  

Weak	  linear	  instability	  (amplificaMon),	  can	  be	  tolerated	  
in	  pracMce	  with	  short	  Mme	  steps,	  or	  stabilized	  by	  a	  
slight	  off-‐centering	  as	  in	  the	  WRF-‐NMM.	  
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VerMcal	  AdvecMon	  

Implicit	  Crank-‐Nicolson	  
	   	   	  	  

	  

UncondiMonally	  computaMonally	  stable	  
Off-‐centering	  opMon,	  dissipaMve	  
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AdvecMon	  of	  tracers	  

!  New	  Eulerian	  advecMon	  replaced	  the	  old	  
Lagrangian	  
!  Improved	  conservaMon	  of	  advected	  species,	  and	  
more	  consistent	  with	  remainder	  of	  the	  dynamics	  

!  Reduces	  precipitaMon	  bias	  in	  warm	  season	  

! Advects	  sqrt(quanMty)	  to	  ensure	  posiMvity	  
!  Ensures	  monotonicity	  a	  posteriori	  
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AdvecMon	  of	  tracers	  

!  Twice	  longer	  Mme	  steps	  than	  for	  the	  basic	  
dynamics	  

t1 t2 t3 t4 t5 t6 
time 
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Gravity	  Wave	  Terms	  

!   Forward-‐Backward	  (Ames,	  1968;	  Gadd,	  1974;	  Janjic	  
and	  Wiin-‐Nielsen,	  1977;	  Janjic	  1979)	  	  	  
!  Mass	  field	  computed	  from	  a	  forward	  Mme	  difference,	  
while	  the	  velocity	  field	  comes	  from	  a	  backward	  Mme	  
difference.	  

!   1D	  shallow	  water	  example	  
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VerMcally	  PropagaMng	  Sound	  
Waves	  

!  Actual	  computaMons	  hidden	  in	  a	  highly	  
implicit	  algorithm	  

!  In	  case	  of	  linearized	  equaMons	  in	  a	  verMcal	  
column	  (Janjic	  et	  al.,	  2001;	  Janjic,	  2003,	  2011),	  
reduces	  to	  
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Lateral	  Diffusion	  

!  Following	  Smagorinsky	  (1963)	  (Janjic,	  1990,	  
MWR;	  Janjic	  et	  al.	  2010)	  
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2D	  Divergence	  Damping	  

!  Dispersion	  of	  gravity-‐inerMa	  waves	  alone	  can	  
explain	  linear	  geostrophic	  adjustment	  on	  an	  
infinite	  plain	  

!  “In	  a	  finite	  domain,	  unless	  viscosity	  is	  
introduced,	  gravity	  waves	  will	  forever	  ‘slosh’	  
without	  dissipaMng.”	  (e.g.,	  Vallis,	  1992,	  JAS)	  

!  Numerical	  experiments	  by	  Farge	  and	  
Sadourny	  (1989,	  J.Fluid.Mech.)	  strongly	  
support	  the	  idea	  of	  dissipaMve	  geostrophic	  
adjustment	  
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2D	  Divergence	  Damping	  
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2D	  Divergence	  damping	  

!  Divergence	  damping	  damps	  both	  internal	  and	  
external	  modes	  
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2D	  Divergence	  Damping	  

!  External	  mode	  divergence	  

	  
	  

!  External	  mode	  divergence	  damping	  
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2D	  Divergence	  Damping	  

!  External	  mode	  damping	  combined	  with	  divergence	  
damping,	  enhanced	  damping	  of	  the	  external	  mode	  
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Dynamics	  formulaMon	  tested	  on	  various	  scales	  
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22nd Conference on Severe Local Storms, October 3-8, 2004, Hyannis, MA. 

WRF-NMM 
WRF-NMM 

WRF-NMM 

Eta Eta Eta 

2004 4km resolution, no 
parameterized 
convection Breakthrough	  

that	  lead	  to	  
applicaMon	  of	  
“convecMon	  
allowing”	  
resoluMon	  for	  
storm	  
predicMon	  
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Summary	  

!  Robust,	  reliable,	  fast	  
!  Extension	  of	  NWP	  methods	  developed	  
and	  refined	  over	  a	  decades-‐long	  period	  
into	  the	  nonhydrostaMc	  realm	  

!  UMlized	  at	  NCEP	  in	  the	  HWRF,	  Hires	  
Window	  and	  Short	  Range	  Ensemble	  
Forecast	  (SREF)operaMonal	  systems	  
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Horizontal	  Coordinate	  System,	  
Rotated	  Lat-‐Lon	  
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