
Developing	  adjoint	  and	  tangent	  linear	  
subgrid	  parameteriza5ons	  of	  source,	  

loss,	  and	  ver5cal	  transport	  mechanisms	  
for	  chem.	  tracers	  in	  WRFPLUS	  

WRF	  USER	  WORKSHOP	  
June	  25,	  2013	  
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Jonathan	  Guerre<e	   	  (CU	  Boulder)	  
	  
Daven	  Henze 	   	   	  (CU	  Boulder)	  
Gregory	  Carmichael 	  (University	  of	  Iowa)	   EPA-‐G2010-‐STAR-‐L1	  

Image:	  MODIS	  true	  color	  image	  on	  June	  24,	  2008	  (hRp://cimss.ssec.wisc.edu/)	  



AeroCom	  Intercomparison	  	  (y.	  2000)	  

Koch	  et	  al.	  (2009)	  
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[BC]	  uncertainty	  is	  similar	  order	  as	  [BC]	  magnitude!!	  
-‐>Worse	  above	  surface	  and	  at	  smaller	  scales	  



Jun	  22	  ARCTAS-‐CARB	  Campaign	  

((ug	  /	  m3)	  
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•  10	  minute	  model	  output	  interpolated	  to	  10	  sec	  
measurement	  loca5ons,	  then	  30	  sec	  average	  

•  30	  sec	  average	  observa5on	  (10	  sec	  from	  
instrument)	  

Average	  Daily	  Surface	  BC	  

LOW	  bias	  near	  BB,	  HIGH	  bias	  near	  ANTHRO	  



June	  23,	  2008	  IMPROVE	  Results	  
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WRF	  Models	  
WRF	  Meteorology:	  	  

Non-‐hydrosta5c	  moist	  dynamics,	  
diffusion,	  subgrid	  

parameteriza5ons	  for	  PBL,	  
Cumulus	  Convec5on,	  

Microphysics,	  Radia5on	  

WRF-‐Chemistry	  (GOCART):	  
Advec5on,	  emission,	  fire	  plume	  rise,	  
1st-‐order	  decay,	  dry/wet	  deposi5on	  
losses,	  PBL	  and	  convec5ve	  transport	  

of	  chemical	  tracers	  

WRFPLUS:	  Adjoint	  (AD)	  and	  
Tangent	  Linear	  (TL)	  models	  for	  
dynamics,	  diffusion,	  and	  select	  

parameteriza5ons	  

WRFDA:	  
Data	  Assimila5on	  (4DVAR	  
predicated	  on	  WRFPLUS)	  
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Exis5ng	  

Exis5ng	  

Exis5ng	  

Future	  Work	  



WRFPLUS	  Capabili5es	  
•  AD	  and	  TL	  developed	  for:	  

–  Emissions	  (Anthropogenic	  and	  Biomass	  Burning	  for	  GOCART)	  
–  ACM2	  PBL	  (Pleim	  et	  al.	  2007)	  w/	  integrated	  tracer	  transport	  (2013)	  (7)	  
–  Pleim-‐Xiu	  and	  SFCLAY	  surface	  layer	  schemes	  (7,1)	  
–  Pleim-‐Xiu	  	  and	  SLAB	  LSMs	  (7,1)	  
–  Wesely	  Dry	  Deposi5on	  
–  chem	  advec5on	  (similar	  to	  tracer	  advec5on	  by	  Xin	  Zhang	  in	  2012)	  
–  GOCART	  Aerosols	  

•  BC	  aging	  
•  PM	  summa5on	  
•  Sulfate	  chemistry	  (pending	  tes5ng)	  

•  New	  forcing	  scheme	  for	  in-‐situ	  chemical	  observa5ons	  

•  2nd-‐order	  checkpoin5ng	  for	  long	  dura5on	  (>	  6	  hr)	  sensi5vity	  studies	  
	  
•  Standalone	  AD	  and	  TL:	  

–  Grell-‐Freitas	  Convec5on	  (2013)	  [chemical	  tracers	  in	  development]	  
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3	  hour	  Deriva5ve	  Tests	  
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•  Tangent	  Linear	  test	  
•  Finite	  Difference	  

linearity	  test	  
•  300	  grid	  pairings	  per	  

sensi5vity	  type	  

•  Sensi5vi5es	  tested:	  

LE
VE

L	  



Tangent	  Linear	  Valida5on	  
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Agreement	  to	  8-‐15	  digits	  	  



Centered	  Difference	  Nonlinearity	  
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Effects	  of	  nonlinear	  
PBL	  scheme	  are	  

visible	  



WRFPLUS	  w/	  1st	  order	  checkpoin5ng	  
①  Run	  forward	  model;	  write	  state	  variable	  trajectory	  @	  each	  5me	  

step	  (u, v, θ, Φ, μ, moist, chem)	  

②  Devise	  useful	  cost	  func5on	  and	  forcing	  

	  
③  Run	  adjoint	  model	  

④  Interpret	  spa5ally/temporally	  resolved	  deriva5ves	  
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λBC1
n =

∂J
∂[BC1]n

λBC2
n =

∂J
∂[BC2]n

λχ =
∂J
∂xχ

x = {E, u0, T0, qv
0, [BC]0, etc.} (known a priori)	
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New	  2nd-‐Order	  Checkpoin5ng	  in	  WRFDA	  

t0	   tf	  t0+tc	   tf	  -‐	  3tc	   tf	  -‐	  2tc	   tf	  -‐	  tc	  

Ini5al	  full	  forward	  model	  run	  without	  trajectory	  IO	  
Ini5al	  run	  generates	  RESTART	  files	  
Checkpoint	  forward	  model	  run	  with	  trajectory	  output	  
Checkpoint	  adjoint	  model	  run	  with	  trajectory	  input	  

Trajectory	  –	  All	  model	  state	  variables	  stored	  at	  every	  grid	  cell	  and	  
	   	   	  every	  5me	  step	  (u,	  v,	  w,	  t,	  ph,	  mu,	  moist	  x1-‐3,	  chem	  x19)	  

	  
	  
	  
1	  CORE:	  RAM1	  ~	  89	  x	  89	  x	  31	  x	  26	  variables	  x	  8	  bytes	  x	  120	  5me	  steps	  =	  5.8GB	  (single	  core)	  
	  
64	  CORES:	  RAM64	  ~	  5.8GB	  *	  1.5^6	  =	  66GB	  -‐>	  1GB	  per	  core	  +	  normal	  memory	  requirements	  

3	  hr	  for	  dt=90s	  
coarse	  18km	  grid	  
(10	  boundary	  cells)	  
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Cost	  Func5on	  &	  Chem	  Obs.	  
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Two	  Preprocessed	  Observa5on	  Sets:	  

Assumed	  only	  for	  this	  	  
demonstra5on	  



Cost	  Func5on	  &	  Chem	  Obs.	  
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Two	  Preprocessed	  Observa5on	  Sets:	  
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Cost	  Func5on	  &	  Chem	  Obs.	  
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Cost	  Func5on	  &	  Chem	  Obs.	  
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Cost	  Func5on	  &	  Chem	  Obs.	  
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Model	  Demonstra5on	  

Observa^ons	  
•  Jun	  20,	  23,	  26	  (IMPROVE)	  

–  	  Daily	  avg.	  @	  ~40	  sites	  
•  Jun	  20,	  22,	  24,	  26	  (DC-‐8)	  

–  Single	  Par5cle	  Soot	  
Photometer	  (SP2)	  

–  10	  sec	  sample	  rate	  
–  0.01μg/m3	  measurement	  

limit	  
–  10%	  accuracy	  

Adjoint	  Model	  Setup	  
•  WRF	  V3.5	  
•  18km	  –	  79	  x	  79	  x	  31	  levels	  
•  I.C.’s	  &	  B.C.’s	  

MET:	  32km	  NARR	  Reanalysis	  
CHEM:	  spun	  up	  from	  Jun	  15,	  [BC]bound=0.01μg/m3	  

•  GOCART	  Aerosols	  
•  NEI2005	  Anthro.	  Emissions	  (4km)	  
•  FINN	  BB	  Emissions	  (1km)	  	  

	  w/	  plumerise	  
•  ACM2	  PBL	  Mixing	  (7)	  
•  Pleim-‐Xiu	  SFCLAY	  (7)	  
•  No	  LSM	  à	  No	  dry	  deposi5on	  
•  No	  Microphysics	  
•  No	  Cumulus	  scheme	  
•  No	  LW	  or	  SW	  Radia5on	  

*Forward	  model	  only	  (Adjoint	  not	  developed	  yet)	  
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Time	  Period	  
•  Jun	  20	  00Z	  to	  Jun	  27	  09Z,	  2008	  



Cost	  Func5on	  Evalua5on	  
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Column	  Summed	  Cost	  Func5on	  (µg2/m6)	  

J = Hm Mm x( )!" #$− ym{ }
T
R−1 Hm Mm x( )!" #$− ym{ }

m

Μ

∑ ; R = I

J = 162.7 µg2/m6	
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Spa5ally	  Aggregated	  Sensi5vi5es	  
Biomass	  Burning	   Anthropogenic	  

∂J
∂En ⋅E

n

n

Ne

∑ Ne = # of emission intervals	




Temporally	  Aggregated	  Sensi5vi5es	  
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λ n =
∂J
∂Eij ⋅E

ij

ij
∑



Temporally	  Aggregated	  Sensi5vi5es	  
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Biomass	  Burning	  Only	  

λ n =
∂J
∂Eij

ij
∑



Next	  Steps	  
•  Incorporate	  more	  AD	  and	  TL	  pieces	  into	  WRFPLUS	  
–  Cumulus	  Convec5on	  (shallow	  possible	  too?)	  
–  Radia5ve	  feedbacks	  
– Mix-‐ac5vate	  for	  aerosol-‐cloud	  interac5ons	  
–  Dust	  
–  Observa5on	  Operators	  

•  AOD	  &	  AAOD	  diagnos5c	  
•  3D	  spa5al	  interpola5on	  for	  in-‐situ	  observa5ons	  

•  Tune	  the	  PBL,	  including	  adding	  more	  grid	  levels	  
•  Inves5gate	  which	  SFCLAY	  and	  LSM	  schemes	  work	  best	  
in	  forward	  model	  

	  
•  4DVar	  Data	  Assimila5on	  
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Jun	  22,	  2008	  Emissions	  
NEI2005	  Anthropogenic	  Emissions	  
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Reno	  Chico	  

Crescent	  City	  

Bakersfield	  
Monterey	  

FINN	  Biomass	  Burning	  Emissions	  



BC	  Biomass	  Emissions	  Diurnal	  Cycle	  
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(Local	  Standard	  Time)	  



Standalone	  G-‐F	  Convec5on	  Verifica5on	  
(lowest	  40	  of	  64	  ver5cal	  levels)	  

Condensa5on	  
Energy	  

Delayed	  
Precip	   Increased	  

Cloud	  Water	  

Buoyant	  
Air	  Mass	   Reduced	  	  

Water	  Vapor	  

Increased	  
Cloud	  Water	  
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Code	  Modifica5ons	  (not	  up	  to	  date)	  
NEW	  TL	  FILES	  
chem/chem_driver_tl.F	  
chem/mechanism_driver_tl.F	  
chem/aerosol_driver_tl.F	  
chem/emissions_driver_tl.F	  
chem/
module_emissions_anthropogenics_tl.F	  
chem/module_gocart_aerosols_tl.F	  
chem/module_gocart_chem_tl.F	  
	  
NEW	  AD	  FILES	  
chem/chem_driver_ad.F	  
chem/mechanism_driver_ad.F	  
chem/aerosol_driver_ad.F	  
chem/emissions_driver_ad.F	  
chem/
module_emissions_anthropogenics_ad.F	  
chem/module_gocart_aerosols_ad.F	  
chem/module_gocart_chem_ad.F	  
	  
	  
	  

MODIFIED	  FILES	  
chem/chem_driver.F	  
chem/mechanism_driver.F	  
chem/aerosol_driver.F	  
chem/emissions_driver.F	  
chem/
module_emissions_anthropogenics.F	  
chem/module_add_emiss_burn.F	  
chem/module_plumerise1.F	  
chem/chemics_init.F	  
chem/module_input_chem_data_tl.F	  
chem/module_input_chem_data_ad.F	  
	  
chem/depend.chem	  
chem/Makefile	  
	  
share/solve_interface.F	  
share/media5on_pertmod_io.F	  
share/media5on_integrate.F	  
share/module_adtl_grid_u5li5es.F	  
	  
main/real_em.F	  

main/module_wrf_top.F	  
main/depend.common	  
	  
Registry/Registry.EM_CHEM	  
Registry/registry.chemplus	  
Registry/registry.wrfplus	  
Registry/Registry.EM_COMMON	  
	  
frame/module_integrate.F	  
	  
dyn_em/start_em.F	  
dyn_em/depend.dyn_em	  
dyn_em/module_first_rk_step_part1_tl.F	  
dyn_em/module_em_tl.F	  
dyn_em/solve_em_tl.F	  
dyn_em/start_em_tl.F	  
	  
dyn_em/module_first_rk_step_part1_ad.F	  
dyn_em/module_em_ad.F	  
dyn_em/solve_em_ad.F	  
dyn_em/start_em_ad.F	  
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