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Outline	  
•  Historical	  background	  of	  L-‐B-‐L	  calcula1on	  	  

•  Mo1va1on	  for	  radia1ve	  forcing	  research	  	  

•  Defini1on	  and	  Examples	  of	  Radia1ve	  Forcing	  (RF)	  

•  Uncertainty	  in	  RF	  due	  to	  Spectroscopic	  Parameters	  	  
–  Line	  shape	  and	  line	  mixing	  (Focus)	  
–  Line	  Strengths	  	  
–  Air-‐broadened	  halfwidths	  

•  Results	  

•  U1lity	  of	  the	  Voigt	  func1on	  	  
	  
•  Summary	  and	  Conclusions	  
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Line-‐by-‐Line	  Radia1ve	  Transfer	  Calcula1on	  

•  LBL	  calcula1on,	  a	  principal	  tool	  today,	  began	  in	  earnest	  at	  U.	  Michigan	  
under	  Prof.	  S.	  Roland	  Drayson	  

•  Drayson,	  a	  mathema1cian	  and	  an	  atmospheric	  scien1st,	  began	  doing	  LBL	  
calcula1ons	  in	  the	  mid-‐1960’s	  

•  This	  2016	  is	  the	  50th	  anniversary	  of	  his	  landmark	  paper	  on	  LBL	  calcula1on	  
in	  Applied	  Op1cs	  	  

•  Drayson	  computed	  transmiKances	  for	  many	  of	  the	  early	  satellite	  
experiments	  and	  was	  principally	  responsible	  for	  the	  spectral	  databases	  
and	  transmiKances	  for	  the	  LIMS	  experiment	  

•  And,	  relevant	  to	  this	  talk,	  Drayson	  foresaw	  sub-‐Loren1zian	  wings	  in	  CO2,	  
no1ng	  in	  his	  Appl	  Opt	  paper	  that	  the	  Voigt	  profile	  would	  not	  be	  
sufficient	  in	  the	  far	  wings	  of	  CO2	  bands!	  





U.	  Michigan	  Recogni1on	  of	  Roland	  Drayson	  

“The	  line-‐by-‐line	  method	  of	  calcula-ng	  atmospheric	  transmiDance	  developed	  
by	  Professor	  Drayson	  is	  used	  today	  as	  a	  standard	  in	  the	  field.	  His	  analyses	  of	  
data	  taken	  by	  the	  Limb	  Infrared	  Monitoring	  of	  the	  Stratosphere	  (LIMS)	  
satellite	  represent	  the	  first	  applica-on	  of	  the	  detailed	  spectroscopy	  of	  
atmospheric	  gases,	  carbon	  dioxide	  in	  par-cular”	  
	  
“The	  Regents	  salute	  this	  dis-nguished	  scholar	  by	  naming	  S.	  Roland	  Drayson	  
professor	  emeritus	  of	  atmospheric,	  oceanic	  and	  space	  sciences”	  
	  
	  
From	  the	  proclama-on	  of	  the	  University	  of	  Michigan	  Board	  of	  Regents	  on	  the	  
occasion	  of	  Professor	  Drayson’s	  re-rement	  



2004	  
Professor	  S.	  Roland	  Drayson	  	  



Mo1va1on	  

•  Radia1ve	  forcing	  (RF)	  by	  CO2	  is	  the	  leading	  contribu1on	  to	  
anthropogenic	  climate	  change	  

•  Uncertain1es	  in	  CO2	  RF	  impact	  scien1fic	  and	  policy	  
assessments	  	  

•  Goals	  of	  this	  work:	  
–  Assess	  uncertainty	  in	  RF	  associated	  with	  infrared	  spectroscopy	  of	  CO2	  	  
–  Of	  par1cular	  interest	  is	  line	  mixing	  and	  line	  shape	  func1on	  	  
–  Refute	  recent	  asser1ons	  that	  RF	  is	  greatly	  overes1mated	  due	  to	  

inappropriate	  use	  of	  Voigt	  lineshape	  (Happer,	  2014)	  	  

•  Result:	  RF	  spectroscopic	  uncertainty	  is	  <	  1%	  and	  the	  
founda1on	  of	  climate	  change	  modeling	  is	  robust!	  
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Defini1on	  of	  Radia1ve	  Forcing	  (RF)	  -‐	  1	  

•  RF	  is	  the	  change	  in	  the	  net	  radia1ve	  flux	  Fnet	  at	  the	  
tropopause	  

•  Net	  flux	  is	  defined	  as	  Fdown	  minus	  Fup	  
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Tropopause	  

Fdown	  

Fup	  

Fnet	  	  =	  Fdown	  –	  Fup	  	  



Defini1on	  of	  Radia1ve	  Forcing	  (RF)	  -‐	  2	  

•  RF	  is	  difference	  in	  net	  flux	  for	  two	  different	  CO2	  burdens	  
•  Doubled	  CO2	  from	  pre-‐industrial	  CO2	  (560	  ppm	  and	  280	  ppm)	  
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Tropopause	  

Doubled	  CO2	  

Fdown	  

Fup	  

Fdown	  

Fup	  

Pre-‐Industrial	  CO2	  	  

RF	  =	  FDnet	  	  	  -‐	  	  FPnet	  	  

FDnet	   FPnet	  



Calcula1ng	  Radia1ve	  Forcing	  

•  Use	  LBLRTM	  model,	  v12.2,	  and	  v3.2	  spectral	  line	  database	  
–  Compute	  radiances	  and	  use	  3	  point	  Gaussian	  integra1on	  for	  fluxes	  

•  Compute	  instantaneous	  radia1ve	  forcing	  	  
•  Five	  “McClatchey”	  standard	  atmospheres	  

–  Mid-‐la1tude	  summer,	  Mid-‐la1tude	  winter	  
–  Sub-‐arc1c	  summer;	  Sub-‐arc1c	  winter;	  
–  Tropical	  annual	  

•  Include	  CH4,	  CO,	  and	  N2O	  as	  well-‐mixed	  gases	  
•  H2O	  and	  O3	  as	  per	  the	  profile	  
•  Clear	  sky	  condi1ons	  

•  Compute	  the	  spectrum	  of	  radia;ve	  forcing	  	  
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The	  Spectrum	  of	  Radia1ve	  Forcing	  for	  2	  x	  CO2	  
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Baseline	  Case,	  Mid-‐La1tude	  Summer	  



The	  Spectrum	  of	  Radia1ve	  Forcing	  for	  2	  x	  CO2	  
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Baseline	  Case,	  Sub-‐Arc1c	  Winter	  



Spectroscopic	  Uncertainty	  -‐	  Methodology	  

	  
•  Only	  uncertainty	  in	  the	  transmiKance	  func1on	  is	  considered:	  	  

–  Line	  shape	  func1on	  g(ν	  –	  νo)	  	  
–  Line	  strength	  Si(Θ)	  
–  Air-‐broadened	  halfwidth	  (in	  lineshape	  func1on)	  

•  Perturb	  these	  parameters	  to	  assess	  uncertainty	  in	  
spectroscopy;	  compute	  difference	  with	  “baseline”	  cases	  
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Uncertain1es	  in	  Spectroscopy:	  Line	  Shape/Mixing	  

•  Classically,	  the	  Voigt	  lineshape	  is	  used	  to	  represent	  the	  
effects	  of	  collision/Lorentz	  and	  Doppler	  broadening	  	  

•  Wings	  of	  many	  IR-‐ac1ve	  species	  are	  sub-‐	  or	  super-‐Lorentzian	  

•  The	  15-‐µm	  bands	  of	  CO2,	  lines	  are	  densely	  packed	  and	  
cannot	  be	  considered	  isolated	  during	  collisions	  	  

•  Line	  mixing	  occurs,	  resul1ng	  in	  addi1onal	  absorp1on	  near	  
line	  centers	  and	  sub-‐Lorentzian	  behavior	  in	  the	  line	  wings	  
–  There	  is	  a	  50-‐year	  history	  of	  modeling	  sub-‐Lorentzian	  wings	  in	  CO2	  	  

•  LBLRTM	  adopts	  line	  mixing	  from	  Niro	  et	  al.	  (2005)	  	  
–  Replaces	  classic	  line	  shape	  func1on	  in	  transmiKance	  calcula1on	  	  
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Approach	  to	  Compu1ng	  Spectroscopic	  Uncertainty	  

•  Uncertainty	  determined	  by	  perturba1on	  analysis	  

•  Compute	  RF	  for	  “Baseline”	  case	  

•  Compute	  RF	  for	  “Perturbed”	  case	  
–  Increase	  CO2	  line	  mixing	  by	  20%	  	  
–  Perturb	  CO2	  line	  strengths	  by	  assigned	  uncertainty	  on	  AER	  v3.2	  database	  
–  Perturb	  CO2	  line	  halfwidths	  by	  assigned	  uncertainty	  on	  AER	  v3.2	  database	  

•  Compute	  Uncertainty	  =	  Perturbed	  RF	  minus	  Baseline	  RF	  
–  Spectra,	  and	  spectrally	  integrated	  differences	  	  
–  RSS	  all	  uncertain1es	  to	  get	  total	  uncertainty	  	  
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Uncertainty	  in	  Radia1ve	  Forcing	  due	  to	  CO2	  Line	  Mixing	  
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RF	  (increased	  line	  mixing)	  –	  RF	  (baseline)	  
	  

Mid-‐La1tude	  Summer	  Atmosphere	  	  

Significant	  but	  compensa1ng	  spectral	  structure	  	  	  
	  

RF	  difference	  is	  0.016	  W/m2	  or	  0.3%	  of	  RF	  baseline	  



Uncertainty	  in	  Radia1ve	  Forcing	  due	  to	  CO2	  Line	  Mixing	  
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RF	  (increased	  line	  mixing)	  –	  RF	  (baseline)	  
	  

Sub-‐Arc1c	  Winter	  Atmosphere	  	  

Significant	  but	  compensa1ng	  spectral	  structure	  	  	  
	  
RF	  difference	  is	  0.022	  W/m2	  or	  0.6%	  of	  RF	  baseline	  



CO2	  Radia1ve	  Forcing	  Uncertainty	  due	  to	  Line	  Strength	  
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Virtually	  no	  change	  in	  RF	  with	  up	  to	  20%	  increase/decrease	  in	  S	  	  	  



Summary	  of	  Spectroscopic	  Uncertainty	  in	  CO2	  RF	  
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Atmosphere	  

Line	  Shape	  
Uncertainty	  

W/m2	  

Line	  Strength	  
Uncertainty	  

W/m2	  

Halfwidth	  	  
Uncertainty	  

W/m2	  

RSS	  
W/m2	  	  

Error	  as	  %	  of	  
Baseline	  RF	  

Mid-‐La-tude	  
Summer	  

0.016	   0.015	   0.005	   0.022	   0.41	  

Mid-‐La-tude	  
Winter	  

0.016	   0.010	   0.004	   0.019	   0.44	  

Sub-‐Arc-c	  	  
Summer	  

0.023	   0.009	   0.007	   0.028	   0.55	  

Sub-‐Arc-c	  	  
Winter	  

0.022	   0.015	   0.006	   0.025	   0.68	  

Tropical	  	   0.010	   0.014	   0.002	   0.017	   0.51	  

Spectroscopic	  Uncertainty	  in	  RF	  is	  <	  0.7%	  of	  Forcing	  in	  a	  Variety	  of	  Atmospheres	  



U1lity	  of	  the	  Voigt	  Profile	  

•  Examine	  the	  u-lity	  of	  the	  Voigt	  profile	  by	  compu-ng	  the	  RF	  
and	  trunca-ng	  the	  Voigt	  wings	  at	  different	  distances	  from	  line	  
center	  

•  At	  50	  cm-‐1	  trunca-on,	  Voigt-‐only	  agrees	  almost	  iden-cally	  
with	  LBLRTM	  with	  full	  line	  mixing	  	  

•  At	  larger	  trunca-ons,	  Voigt-‐only	  begins	  to	  exceed	  LBLRTM	  by	  
up	  to	  25%	  at	  500	  cm-‐1	  trunca-on	  
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Comparison	  of	  LBLRTM	  w/Full	  Line	  Mixing	  	  
and	  Voigt-‐only	  with	  50	  cm-‐1	  Trunca1on	  	  
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Difference:	  LBLRTM	  minus	  Voigt-‐only	  
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Summary	  	  

•  We	  have	  examined	  uncertainty	  in	  radia1ve	  forcing	  by	  CO2	  
associated	  with	  spectroscopic	  parameters	  	  

•  Combined	  uncertainty	  of	  line	  shape,	  line	  strength,	  and	  
halfwidth	  is	  <	  0.7%	  for	  a	  variety	  of	  standard	  atmospheres	  

•  Line	  mixing	  is	  rigorously	  included	  in	  state	  of	  the	  art	  line-‐by-‐
line	  models	  and	  in	  rapid	  codes	  used	  in	  climate	  models	  
–  Extending	  Voigt	  “to	  infinity”	  is	  never	  done	  in	  contemporary	  models	  

	  
•  Founda1on	  of	  climate	  modeling	  is	  robust	  with	  regards	  to	  

uncertain1es	  in	  spectroscopy	  
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Status	  

•  Journal	  ar-cle	  describing	  these	  results	  
accepted	  in	  GRL	  22	  April	  2016	  

•  Accepted	  manuscript	  available	  online	  now	  

•  Actual	  journal	  ar-cle	  available	  online	  shortly	  
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Backup	  Slides	  
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Summary	  of	  Spectroscopic	  Uncertainty	  in	  RF	  

5/9/16	   Interna-onal	  Radia-on	  Symposium	  2016	   29	  



5/9/16	   Interna-onal	  Radia-on	  Symposium	  2016	   30	  



5/9/16	   Interna-onal	  Radia-on	  Symposium	  2016	   31	  



5/9/16	   Interna-onal	  Radia-on	  Symposium	  2016	   32	  



The	  Spectrum	  of	  Radia1ve	  Forcing	  
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Defini1on	  of	  Radia1ve	  Forcing	  (RF)	  

•  RF	  is	  the	  change	  in	  the	  net	  radia1ve	  flux	  at	  the	  tropopause	  
•  Net	  flux	  is	  defined	  as	  F(down)	  minus	  F(up)	  
•  Change	  in	  net	  flux	  is	  difference	  for	  two	  different	  CO2	  

burdens,	  typically	  doubled	  from	  pre-‐industrial	  (PI)	  minus	  PI	  
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Tropopause	  

Doubled	  CO2	  

Fdown	  

Fup	  

Fdown	  

Fup	  

Pre-‐Industrial	  	  

RF	  =	  FDnet	  	  	  -‐	  	  FPnet	  	  

FDnet	   FPnet	  



Methodology	  

•  Use	  LBLRTM	  v12.2	  to	  evaluate	  up	  and	  down	  radiances/fluxes	  

•  The	  key	  to	  our	  study	  is	  the	  transmiKance	  func1on:	  	  

•  Compute	  instantaneous	  forcing,	  no	  change	  in	  temperature	  

•  Vary	  g(ν	  –	  νo),	  Si,	  and	  αL	  to	  assess	  spectroscopic	  uncertainty	  in	  RF	  
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