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•  Spread-‐error	  in	  med-‐range	  ensembles	  (update	  on	  previous	  
work).	  

•  Replacement	  for	  addi=ve	  infla=on	  in	  ensemble-‐Var	  hybrid	  DA.	  
•  If	  I	  have	  =me..	  

-  Improving	  balance	  in	  EnKF	  analysis	  ensemble.	  
-  Incremental	  Analysis	  Update	  (IAU).	  
-  TC	  relocaLon	  in	  the	  EnKF	  ensemble.	  

	  



Evalua'ng	  schemes	  for	  represen'ng	  
model	  uncertainty	  

•  Using	  an	  EPS	  
– Spread/error	  consistency,	  probabilis=c	  scores.	  
– Hard	  to	  know	  whether	  improvement	  comes	  
simply	  from	  reducing	  spread	  deficiency.	  

•  Using	  an	  ensemble-‐based	  DA	  system	  
– Tougher	  test	  if	  infla=on	  used	  as	  baseline,	  since	  
scheme	  must	  do	  more	  than	  increase	  variance.	  

– Evolu=on	  of	  all	  errors	  in	  DA	  cycle	  (not	  just	  model	  
error)	  must	  be	  represented.	  	  Model	  error	  may	  not	  
be	  dominant.	  
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Un(der)-‐represented	  error	  sources	  in	  an	  EnKF	  ensemble	  

Model	  error	  

Sampling	  error	  

Observa3on	  error	  

Forward	  operator	  error	  

Boundary	  condi3on	  error	  
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Methods	  to	  account	  for	  under-‐represented	  sources	  
of	  error	  in	  ensemble	  DA:	  Mul3plica3ve	  Infla3on	  

Relaxa=on	  to	  prior	  spread	  (RTPS)	  

which	  implies	  	  
	  
•  Inflates	  more	  where	  observa=ons	  have	  a	  strong	  tendency	  

to	  reduce	  ensemble	  variance.	  
•  Simple	  model	  study	  of	  Whitaker	  and	  Hamill	  (MWR	  2012,	  

DOI:10.1175/MWR-‐D-‐11-‐00276.1)	  shows	  that	  mul=plica=ve	  
infla=on	  best	  for	  represen=ng	  errors	  in	  the	  assimila=on	  
system	  itself	  (such	  as	  sampling	  error).	  

•  Used	  in	  opera=onal	  EnKF	  with	  α=0.9.	  	  
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Methods	  to	  account	  for	  under-‐represented	  sources	  
of	  error	  in	  ensemble	  DA:	  Addi3ve	  Infla3on	  
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•  Add	  random	  samples	  from	  a	  specified	  distribu=on	  to	  
each	  ensemble	  member	  aZer	  the	  analysis	  step.	  

•  Env.	  Canada	  uses	  random	  samples	  of	  isotropic	  3DVar	  
covariance	  matrix.	  

•  NCEP	  uses	  random	  samples	  of	  48-‐h	  –	  24-‐h	  forecast	  
error	  (fcsts	  valid	  at	  same	  =me).	  

•  Simple	  model	  study	  shows	  that	  addi=ve	  infla=on	  
be_er	  than	  mul=plica=ve	  infla=on	  at	  represen=ng	  
model	  uncertainty.	  

•  More	  desirable	  to	  simulate	  model	  uncertainty	  at	  the	  
process	  level	  (in	  the	  model).	  



Can	  we	  replace	  the	  addi've	  infla'on	  by	  
adding	  stochas'c	  physics	  to	  the	  model?	  

•  Schemes	  tested:	  
–  SPPT	  (stochas=cally	  perturbed	  physics	  tendencies)	  
–  SKEB	  (stochas=c	  KE	  backsca_er)	  
–  VC	  (vor=city	  confinement)	  –	  abandoned,	  since	  it	  
increased	  ensemble	  mean	  error.	  

–  SHUM	  (perturbed	  boundary	  layer	  humidity,	  based	  on	  
Tompkins	  and	  Berner	  2008,	  DOI:	  
10.1029/2007JD009284)	  

•  All	  use	  stochas=c	  random	  pa_ern	  generators	  to	  
generate	  spa=ally	  and	  temporally	  correlated	  
noise.	  
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	  500	  km	  
6	  h	  

	  1000	  km	  
	  	  	  	  3	  d	   	  2000	  km	  

30	  d	  

Examples	  of	  stochas'c	  paPerns	  

(from	  M	  Leutbecher)	  
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ECMWF method (SPPT) 
Stochastically Perturbed Physics Tendency 

•  Perturbed Physics tendencies 
  Xp = (1+ rµ)Xc Original physics tendencies 

µ: vertical weights: decays to zero with height in 
stratosphere. 
 
r: horizontal weights (random pattern) : range from 
-1.0 to 1.0, a red noise process with a 

•  temporal timescale of 6 hours 
•  e-folding spatial scale of 500 km 
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Stochas'c	  boundary-‐layer	  humidity	  

•  SPPT	  only	  modulates	  exis=ng	  physics	  tendency	  (cannot	  
change	  sign	  or	  structure,	  trigger	  new	  convec=on).	  

•  Triggers	  in	  convec=on	  schemes	  very	  sensi=ve	  to	  BL	  
humidity.	  

•  Ver=cal	  weight	  r	  decays	  exponen=ally	  from	  surface.	  
Added	  every	  =me	  step	  aZer	  physics	  applied.	  Random	  
pa_ern	  μ	  has	  a	  (very	  small)	  amplitude	  of	  ~0.001,	  
horizontal/temporal	  scales	  same	  as	  SPPT.	  	  

qperturbed = (1+ rµ)q
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Stochas'c	  Kine'c	  Energy	  BackscaPer	  

•  Algorithm	  described	  in	  Shu_s	  (2005),	  Berner	  
et	  al	  (2009)	  
– Designed	  to	  represent	  the	  effects	  of	  dissipated	  
mo=ons	  near	  trunca=on	  scale	  on	  resolved	  
mo=ons.	  

– Random	  pa_erns	  are	  modulated	  by	  amplitude	  of	  
KE	  dissipa=on	  (numerical,	  possibly	  other	  sources	  
like	  convec=on	  –	  we	  only	  consider	  numerical	  
dissipa=on	  here).	  
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Vor'city	  confinement	  
(Sanches,	  Williams	  and	  Shu_s,	  2012	  QJR	  doi	  10.1002)	  
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Figure 5: Vorticity confinement computation(from left to right): the velocity field w4 and the scalar quantity of vorticity (yellow), the
normalized gradient of the vorticity, the confinement forces

for the spatial discretization and reduces the confinement force
fcon f for finer grids. In my implementation I use a dimensionless
grid spacing of 1.0 for all grid sizes, so this factor would have no
influence at all and is therefore not included in equation 11 (Stein-
hoff [Steinhoff and Underhill 1994] also neglects this term). The ε
factor controls the amount of small scale detail added to the velocity
field.

In Figure 5 (screenshot taken from the flowanim demo) I dis-
play the magnitude of the vorticity |ω| as a scalar field with inten-
sities of yellow to visualize the heightfield (overlayed by the veloc-
ity field w4). The vector field in the middle shows the normalized
gradient field N and the field on the right shows the vorticity con-
finement forces, pointing from red to blue. These quantities are
animated in real time with the rest of the simulation and can be
examined at any time to estimate the proper ε factor for visually
pleasing results. The higher the ε factor is set, the smaller and more
localized the vortices become. This can diverge for too high ε set-
tings (which is also dependent on the timestep and machine speed)
and leads to quite interesting, highly turbulent visuals (Figure 3 was
created using the turbulence resulting from a very high confinement
forces).

Figure 6: Two frames of animation from two mpeg movies created
using flowanim and mpeg2encode. Both frames depict the 60th
frame of the movie. The left animation is created without vorticity
confinement, the one on the right with vorticity confinement and a
relatively high force factor

Figure 6 shows the results of vorticity confinement in animating
a simple smoke scene. In this case, the confinement force factor
was set to 0.5 (with a timestep of 0.6 and a gridsize of 256×256 on
a pentium III 1GHz with GeForce2 GTS), which results in strong
turbulence and lots of small scale detail compared to the left image

without vorticity confinement. Both animations were created using
identical initial force and smoke density configurations and each
screenshot resembles the same frame of animation (the 60th frame
in both cases).

6 Controlling the Smoke and Making
Movies

The control in my demo flowanim is keyboard/mouse driven. The
easiest way to set up a good control scheme is to pause the simula-
tion, inject matter and forces into the static grid, save the initial con-
figuration and then play it back, altering the settings for timestep,
viscosity, dissipation and confinement force until the desired smoke
animation is achieved. I have tried this with varying grid sizes, and
on my test machine (a pentium III 1GHz with GeForce2 GTS) the
framerates are still interactive up to a grid size of 256×256 with a
framerate of approximately 3 frames per second (this is only possi-
ble when all other visualization windows for the velocity field and
vorticity computation are disabled). The stills in Figure 7 are all
created using the method described above.

To create mpeg movies of the smoke animations I have added a
screenshot functionality to flowanim which flushes out a sequence
of ppm images. These I then feed to mpeg2encode 1 to create an
mpeg video sequence. Additionally, each still ppm image wraps and
can therefore be used as a seamlessly tiling texture for an arbitrary
mesh.

7 Results and Possible Extensions

The animation stills in Figure 7 show the increased visual real-
ism added by tweaking the amount of vorticity confinement force
added. But even if realism is not what the animator desires, by set-
ting the confinement force factor to values beyond simulation sta-
bility, the field tends to exhibit an unnatural yet visually interesting
amount of turbulence which can still be controlled by the animator
(to a certain degree). In Figure 7 this effect is already introduced
in the far right column where, physically, “too much” small scale
detail is added, leading to a more “comic” like effect (which can be
interesting and useful in some cases).

Due to certain time constraints and the reduced scope of this
project I didn’t implement some interesting extensions to the soft-
ware. Some of these are

1http://www.mpeg.org/MPEG/MSSG/

ε=0.6	  in	  our	  experiments	  
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120-‐h	  Control	  U	  (no	  stochas=c	  physics)	  

SPREAD	   ERROR	   SPRD-‐ERR	  
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SPPT	  U	  

SPREAD	  

ERROR	  

SPRD	  –	  SPRD	  CTL	  

ERR	  –	  ERR	  CTL	  

•  Slight	  increase	  in	  
spread,	  mostly	  in	  
tropics.	  All	  in	  all,	  very	  
li_le	  effect.	  

•  Ens	  mean	  error	  
unchanged.	  
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SHUM	  U	  

SPREAD	  

ERROR	  

SPRD	  –	  SPRD	  CTL	  

ERR	  –	  ERR	  CTL	  

•  Spread/error	  
consistency	  improved	  
in	  tropics,	  esp.	  in	  
upper	  trop	  (max	  in	  
error	  near	  
tropopause	  
reproduced	  in	  
spread).	  

•  Li_le	  or	  no	  effect	  in	  
winter	  hemisphere	  
poleward	  of	  30.	  

•  Ens	  mean	  error	  
reduced	  in	  tropical	  
upper	  trop	  and	  
summer	  hem.	  
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VC	  U	  

SPREAD	  

ERROR	  

SPRD	  –	  SPRD	  CTL	  

ERR	  –	  ERR	  CTL	  

•  Spread	  increase	  
mainly	  in	  
extratropics.	  

•  Li_le	  or	  no	  spread	  
increase	  in	  tropics..	  

•  TCs	  made	  stronger.	  
•  Ensemble	  mean	  error	  

increased.	  
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SKEB	  U	  

•  Spread	  increased	  in	  
mid-‐la=tude	  jets	  
(where	  numerical	  
dissipa=on	  is	  ac=ve)	  

•  Less	  effect	  in	  tropics	  
(convec=ve	  
dissipa=on	  not	  
included),	  but	  does	  
add	  spread	  in	  lower	  
trop.	  

•  Neutral	  impact	  on	  ens	  
mean	  error.	  
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SPREAD	  

ERROR	   ERR	  –	  ERR	  CTL	  

SPRD	  –	  SPRD	  CTL	  



SPPT+SHUM
+SKEB	  U	  

SPREAD	  

ERROR	  

SPRD	  –	  SPRD	  CTL	  

ERR	  –	  ERR	  CTL	  

•  S=ll	  slightly	  deficient	  in	  
spread	  (not	  the	  case	  
with	  height	  field)	  

•  Ens	  mean	  error	  slightly	  
reduced	  in	  tropics.	  

But	  is	  it	  “good”	  
spread?	  	  Does	  it	  
improve	  covariances	  in	  
EnKF?	  
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Opera=onal	  
STTP	  

SPREAD	  

ERROR	  

SPRD	  –	  SPRD	  CTL	  

ERR	  –	  ERR	  CTL	  

•  Spread	  added	  mainly	  in	  
winter	  hemisphere	  

•  Neutral	  impact	  on	  ens	  
mean	  error.	  
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Total	  wavenumber	  spectra	  (global)	  
control	  vs	  SKEB+SPPT+SHUM	  
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•  Well	  calibrated	  at	  larger	  scales	  in	  mass	  field.	  
•  SLll	  spread	  deficient	  at	  all	  scales	  for	  wind	  field.	  

Total	  wavenumber	  

va
ria

nc
e	  

Geopoten=al	  Height	  at	  500	  hPa	   Rota=onal	  Kine=c	  Energy	  at	  250hPa	  



Track	  Errors	  
ALL	   SHUM	  

SPPT	  SKEB	  
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3d-‐ensemble	  Var	  DA	  expts	  

•  Lower	  res	  version	  of	  ops	  (T254/T126	  instead	  
of	  T574/T254).	  

•  Control	  with	  addi=ve+mul=plica=ve	  infla=on	  
(as	  in	  ops)	  and	  no	  stochas=c	  physics.	  

•  Expt	  with	  addi=ve	  infla=on	  replaced	  by	  
stochas=c	  physics	  (mult.	  Infla=on	  unchanged).	  
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Replacing	  addi've	  infla'on	  with	  stochas'c	  physics	  	  
red:	  control	  (with	  addiLve	  inflaLon)	  

blue:	  	  Turn	  off	  addiLve	  inflaLon,	  include	  stochasLc	  physics	  in	  model	  (only	  in	  
ensemble	  forecast).	  
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Replacing	  addi've	  infla'on	  with	  stochas'c	  physics	  	  
red:	  control	  (with	  addiLve	  inflaLon)	  

blue:	  	  Turn	  off	  addiLve	  inflaLon,	  include	  stochasLc	  physics	  in	  model	  (only	  in	  
ensemble	  forecast).	  
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Replacing	  addi've	  infla'on	  with	  stochas'c	  physics	  	  
red:	  control	  (with	  addiLve	  inflaLon)	  

blue:	  	  Turn	  off	  addiLve	  inflaLon,	  include	  stochasLc	  physics	  in	  model	  (only	  in	  
ensemble	  forecast).	  
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Replacing	  addi've	  infla'on	  with	  stochas'c	  physics	  	  
red:	  control	  (EnKF	  with	  addiLve	  inflaLon)	  

blue:	  	  Turn	  off	  addiLve	  inflaLon,	  include	  stochasLc	  physics	  in	  model	  (only	  in	  
ensemble	  forecast).	  
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5-‐day	  control	  (T254)	  forecast	  skill	  

26	  No	  significant	  difference	  in	  5-‐day	  forecast	  skill	  



Expected	  vs	  Actual	  RMS	  ens	  mean	  innova=ons	  
(tropospheric	  vector	  wind)	  
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Ens	  Spread	  vs	  RMS	  ens	  mean	  innova=ons	  
(tropospheric	  vector	  wind)	  
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Expected	  vs	  Actual	  RMS	  ens	  mean	  innova=ons	  
(stratospheric	  vector	  wind)	  
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Expected	  vs	  Actual	  RMS	  ens	  mean	  innova=ons	  
(tropospheric	  temperature)	  
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Expected	  vs	  Actual	  RMS	  ens	  mean	  innova=ons	  
(stratospheric	  temperature)	  
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Conclusions	  
•  Stochas=c	  schemes	  added	  to	  GFS	  (branch	  EXP-‐stochphy,	  
track	  =cket	  #58).	  

•  A	  combina=on	  of	  SKEB+SHUM	  (and	  possibly	  SPPT)	  looks	  
to	  be	  an	  improvement	  upon	  STTP	  along	  for	  medium	  range	  
ensembles.	  	  

•  It’s	  hard	  to	  improve	  upon	  ad-‐hoc	  infla=on	  for	  DA,	  but..	  
•  Ini=al	  expts	  show	  impact	  of	  stochas=c	  is	  slightly	  posi=ve	  in	  
trop,	  slightly	  nega=ve	  for	  winds	  in	  strat.	  Mul=plica=ve	  
infla=on	  s=ll	  needed.	  	  Spread	  too	  large	  in	  trop.	  Should	  be	  
able	  to	  replace	  addi=ve	  infla=on	  in	  DA	  cycle	  (with	  tuning).	  

•  Stochas=c	  physics	  should	  form	  a	  basis	  for	  further	  
improvement	  (by	  trea=ng	  model	  uncertainty	  the	  process	  
level	  in	  each	  parameteriza=on	  scheme).	  
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Experiences	  with	  Env.	  Canada	  system	  
(Houtekamer,	  Mitchell	  and	  Deng,	  MWR	  July	  2009)	  

•  Opera=onal	  EnKF	  tested	  with	  
– Mul=ple	  parameteriza=ons	  
– SKEB	  (stochas=c	  kine=c	  energy	  backsca_er)	  
– SPPT	  (stochas=cally	  perturbed	  physics	  tend)	  
– Addi=ve	  infla=on	  (isotropic	  covariance	  structure)	  
– Mul=-‐physics	  plus	  addi=ve	  infla=on	  
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Experiences	  with	  Env.	  Canada	  system	  
(Houtekamer,	  Mitchell	  and	  Deng,	  MWR	  July	  2009)	  

configura'on	   O-‐F	  (energy	  norm)	   Energy	  spread	  in	  ob	  space	  

Addi=ve	  infla=on	   3.1388	   2.0622	  

Mul=-‐physics	   3.2978	   1.2773	  

SKEB	  	   3.4348	   1.2671	  

SPPT	   3.3899	   1.1670	  

Mul=-‐physics	  +	  add.	  Infln.	   3.0846	   2.1335	  

SKEB	  +	  SPPT	   3.3352	   1.3608	  

SKEB+SPPT+Mult-‐physics
+rescaled	  addi=ve	  infln.	  

3.0940	   2.1092	  

•  Biggest	  impact	  from	  ad-‐hoc	  addi=ve	  infla=on.	  
•  Addi=on	  of	  mul=-‐physics	  improves	  assimila=on	  slightly.	  
•  SPPT	  and	  SKEB	  have	  less	  impact	  (tuned	  for	  EPS?,	  model	  

error	  not	  dominant?)	   34	  



SKEB	  vs	  VC	  

35	  

•  VC	  increases	  ensemble	  mean	  error.	  
•  SKEB	  produces	  faster	  spread	  growth.	  



Max	  Wind	  Errors	  
ALL	   SHUM	  

SPPT	  SKEB	  
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Forecast	  Error	  and	  Ensemble	  Spread	  
CONTROL	  	  	  	  ALL	  	  	  	  SHUM	  	  	  	  SKEB	  	  	  	  SPPT	  

0	   1	   2	   3	   4	   5	   0	   1	   2	   3	   4	   5	   0	   1	   2	   3	   4	   5	  
Forecast	  lead	  (Days)	   Forecast	  lead	  (Days)	   Forecast	  lead	  (Days)	  
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Ens.	  Spread	  vs	  RMS	  ens	  mean	  innova=ons	  
(tropospheric	  temperature)	  
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Reloca=on	  Experiment	  Track	  Errors	  (6-‐168	  hrs)	  
20-‐member	  Ensemble	  

Track	  Error/Spread	  

Max	  Winds	  Error/Spread	  
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Reloca=on	  Experiment	  Track	  Errors	  (6-‐72	  hrs)	  
20-‐member	  Ensemble	  
Track	  Error/Spread	  

Max	  Winds	  Error/Spread	  
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Reloca=on	  Experiment	  Track	  Errors	  (6-‐120	  hrs)	  
T878	  Determinist	  Forecast	  

Track	  Error/Spread	  

Max	  Winds	  Error/Spread	  
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