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moAvaAon	
  

•  increasing	
  burden	
  of	
  GHG	
  is	
  expected	
  to	
  cool	
  the	
  
middle	
  atmosphere	
  while	
  the	
  troposphere	
  warms	
  

•  middle	
  atmosphere	
  cooling	
  is	
  a	
  characterisAc	
  
signature	
  of	
  GHG-­‐induced	
  global	
  change	
  

•  trends	
  in	
  temperature	
  since	
  ~1980	
  are	
  available	
  from	
  
satellite	
  and	
  other	
  measurements	
  

•  can	
  models	
  explain	
  observaAons	
  to	
  date?	
  

•  what	
  future	
  trends	
  do	
  models	
  predict?	
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observed	
  stratospheric	
  T	
  trends	
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observed	
  mesospheric	
  T	
  trends	
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mesospheric	
  trends	
  are	
  not	
  well	
  
constrained	
  by	
  observaAons	
  



insignificant	
  trend	
  at	
  the	
  mesopause?	
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nevertheless,	
  many	
  
observaAons	
  suggest	
  that	
  
trends	
  near	
  the	
  mesopause	
  
(80-­‐90	
  km)	
  are	
  small,	
  and	
  

even	
  staAsAcally	
  insignificant	
  



Can	
  the	
  observaAons	
  be	
  reproduced	
  
by	
  	
  chemistry-­‐climate	
  models?	
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•  use	
  NCAR’s	
  Whole	
  Atmosphere	
  Community	
  Climate	
  
Model	
  (WACCM4)	
  

	
  
•  examine	
  free-­‐running	
  (coupled	
  ocean)	
  simulaAons	
  
for	
  1950-­‐2100	
  

	
  
•  simulaAons	
  use	
  IPCC	
  scenario	
  RCP6.0	
  (radiaAve	
  
forcing	
  of	
  6	
  W	
  m-­‐2)	
  in	
  21st	
  century—a^er	
  2005	
  

	
  
•  Results:	
  	
  MLR	
  of	
  de-­‐seasonalized	
  output	
  on	
  Ame,	
  
solar	
  cycle	
  and	
  two	
  QBO	
  indices	
  



SPARC	
  Victoria	
  2015	
  

WACCM	
  trends,	
  late	
  20th	
  century	
  

In	
  common	
  with	
  observaAons:	
  
	
  
•  large	
  trend	
  (~	
  –1.2	
  K	
  /decade	
  at	
  ~	
  50	
  km)	
  

•  small,	
  insignificant	
  trend	
  at	
  ~	
  80-­‐95	
  km	
  

!  nthe	
  trend	
  minimum	
  at	
  the	
  mesopause	
  is	
  
global—therefore,	
  not	
  due	
  mainly	
  to	
  changes	
  
in	
  adiabaAc	
  heaAng	
  and	
  cooling	
  

!  trend	
  is	
  not	
  due	
  to	
  “shrinking”	
  of	
  the	
  
atmosphere	
  either—trends	
  are	
  shown	
  on	
  
isobaric	
  surfaces	
  

!  results	
  are	
  very	
  similar	
  to	
  those	
  reported	
  by	
  
Garcia	
  et	
  al	
  (2007)	
  using	
  an	
  earlier	
  version	
  of	
  
WACCM	
  "	
  apparently	
  robust	
  

	
  

1980-­‐2005	
  1980-­‐2005	
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globally-­‐averaged	
  T	
  trend	
  profile	
  

mesopause	
  minimum:	
  
~0.3	
  K	
  per	
  decade	
  near	
  85	
  km,	
  not	
  quite	
  
staAsAcally	
  significant	
  at	
  95%	
  

stratopause	
  maximum:	
  	
  
~1.2	
  K	
  per	
  decade,	
  highly	
  significant	
  

1980-­‐2005	
   How	
  do	
  these	
  trends	
  change	
  with	
  0me?	
  



evoluAon	
  of	
  T	
  trend	
  profiles	
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•  25-­‐year	
  trends	
  calculated	
  every	
  
5	
  years:	
  1950-­‐1975,	
  1955-­‐1980,	
  
…,	
  2065-­‐2090,	
  2070-­‐2095	
  (only	
  
half	
  of	
  these	
  are	
  shown	
  here)	
  

•  small/insignificant	
  trend	
  at	
  the	
  
mesopause	
  is	
  present	
  in	
  the	
  20th	
  
century	
  results	
  (solid	
  curves)	
  

•  in	
  the	
  21st	
  century	
  (dashed),	
  the	
  
stratospheric	
  trend	
  decreases	
  
while	
  the	
  mesospheric	
  trend	
  
increases	
  (and	
  the	
  mesopause	
  	
  
minimum	
  disappears)	
  



20th	
  vs.	
  21st	
  century	
  trend	
  profiles	
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1980-­‐2005	
   2010-­‐2035	
  

•  why	
  do	
  the	
  extrema	
  of	
  the	
  20th	
  century	
  profiles,	
  at	
  the	
  stratopause	
  and	
  mesopause,	
  
disappear	
  in	
  the	
  21st	
  century?	
  



evoluAon	
  of	
  trends	
  in	
  the	
  stratosphere	
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•  the	
  large	
  T	
  trends	
  in	
  the	
  20th	
  century	
  are	
  evidently	
  due	
  to	
  the	
  combined	
  effects	
  of	
  CO2	
  
increase	
  and	
  halogen-­‐induced	
  decreases	
  in	
  O3	
  (le^),	
  which	
  reduce	
  UV	
  heaAng	
  (right)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(20th	
  century	
  results:	
  solid;	
  21st	
  century:	
  dashed)	
  

QSW	
  



T	
  vs.	
  O3	
  trends	
  near	
  the	
  stratopause	
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•  T	
  and	
  O3	
  trends	
  in	
  the	
  20th	
  century	
  (filled	
  
symbols)	
  are	
  posiAvely	
  correlated	
  (both	
  
trends	
  are	
  negaAve)	
  

•  as	
  halogen	
  load	
  decreases,	
  T	
  and	
  O3	
  trends	
  
in	
  the	
  21st	
  century	
  (open	
  symbols)	
  become	
  
negaAvely	
  correlated,	
  as	
  expected	
  from	
  
simple	
  photochemical	
  equilibrium	
  

•  towards	
  end	
  of	
  the	
  21st	
  century,	
  the	
  
relaAonship	
  between	
  ozone	
  and	
  
temperature	
  follows	
  photochemical	
  
equilibrium	
  O3	
  ~	
  exp(B/T)	
  with	
  B	
  ~	
  1500	
  K	
  



T	
  trends	
  in	
  the	
  mesosphere	
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•  trend	
  minimum	
  near	
  the	
  mesopause	
  in	
  the	
  20th	
  century	
  (solid	
  curves)	
  
•  trend	
  minimum	
  disappears	
  in	
  the	
  21st	
  century	
  (dashed	
  curves)	
  
•  robust	
  result:	
  present	
  in	
  mulAple	
  independent	
  simulaAons	
  (two	
  examples	
  shown)	
  
•  is	
  there	
  a	
  simple	
  cause	
  for	
  this	
  behavior?	
  

simulation 1 simulation 2



mesopause	
  T	
  and	
  CO2	
  trends	
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•  T	
  trend	
  does	
  not	
  follow	
  
closely	
  the	
  trend	
  in	
  CO2	
  

•  e.g.,	
  there	
  is	
  limle	
  change	
  
in	
  the	
  T	
  trend	
  during	
  the	
  
20th	
  century,	
  while	
  the	
  CO2	
  
trend	
  increases	
  rapidly	
  

•  the	
  same	
  is	
  broadly	
  true	
  in	
  
the	
  21st	
  century	
  

•  "	
  T	
  does	
  not	
  respond	
   	
  
	
  	
  	
  only	
  to	
  CO2	
  



energy	
  balance	
  at	
  the	
  mesopause	
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•  in	
  the	
  global	
  average,	
  total	
  heaAng	
  and	
  IR	
  cooling	
  must	
  balance:	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  QSW	
  +	
  QDYN	
  =	
  QIR[CO2,	
  O3	
  H2O;	
  T]	
  

where	
  QSW,	
  QDYN	
  and	
  QIR	
  denote	
  shortwave	
  heaAng,	
  dynamical	
  heaAng	
  and	
  IR	
  
cooling,	
  respecAvely	
  

trends	
  in	
  the	
  abundance	
  of	
  any	
  of	
  the	
  above	
  could	
  be	
  responsible	
  for	
  the	
  
trend	
  in	
  T	
  at	
  the	
  mesopause.	
  	
  Most	
  importantly:	
  

δT(zm)	
  =	
  (δQIR	
  /δT)-­‐1	
  [	
  δQSW	
  +	
  δQDYN	
  –	
  (δQIR	
  /δCO2) δCO2]	
  



more	
  mesopause	
  trends	
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•  trend	
  in	
  heaAng	
  Q	
  by	
  all	
  
processes	
  (SW	
  heaAng,	
  
gravity	
  wave	
  diffusion	
  and	
  
dissipaAon;	
  in	
  red)	
  varies	
  
limle	
  with	
  Ame	
  and	
  is	
  o^en	
  
not	
  significant	
  

•  But	
  it	
  may	
  explain	
  some	
  of	
  
the	
  interannual	
  variability	
  
beyond	
  the	
  effect	
  of	
  CO2	
  



MLT	
  trend	
  fit	
  δT=	
  f	
  [δCO2,	
  δQ]	
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•  it	
  turns	
  out	
  that	
  the	
  evoluAon	
  
of	
  the	
  mesopause	
  T	
  trend	
  can	
  
be	
  fit	
  rather	
  well	
  as	
  a	
  funcAon	
  
of	
  the	
  trends	
  of	
  CO2	
  and	
  Q	
  

•  this	
  includes	
  the	
  transiAon	
  
from	
  small	
  T	
  trends	
  in	
  the	
  20th	
  
century	
  to	
  larger	
  T	
  trends	
  in	
  
the	
  21st	
  century	
  

•  also	
  captures	
  much	
  of	
  the	
  
internannual	
  variability	
  

δT	
  =	
  –	
  0.05	
  δCO2	
  +	
  0.11	
  δQ	
  



Conclusions	
  

•  the	
  globally-­‐averaged	
  temperature	
  trend	
  profile	
  observed	
  in	
  the	
  20th	
  
century	
  (maximum	
  trend	
  at	
  the	
  stratopause;	
  minimum,	
  staAsAcally	
  
insignificant	
  trend	
  at	
  the	
  mesopause)	
  is	
  reproduced	
  by	
  WACCM	
  

•  the	
  trend	
  profile	
  changes	
  abruptly	
  in	
  simulaAons	
  of	
  the	
  21st	
  century:	
  the	
  
stratopause	
  maximum	
  and	
  the	
  mesopause	
  minimum	
  disappear	
  

•  part	
  of	
  the	
  large	
  temperature	
  trend	
  at	
  the	
  stratopause	
  in	
  the	
  20th	
  
century	
  is	
  amributable	
  to	
  halogen-­‐driven	
  O3	
  decrease	
  (which	
  reduces	
  UV	
  
heaAng);	
  this	
  disappears	
  in	
  the	
  21st	
  century	
  

•  the	
  evoluAon	
  of	
  the	
  temperature	
  trend	
  at	
  the	
  mesopause	
  depends	
  on	
  
the	
  trends	
  in	
  CO2	
  and	
  heaAng	
  at	
  the	
  mesopause	
  	
  

SPARC	
  Victoria	
  2015	
  


