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  and	
  Emanuel,	
  and	
  others.	
  



The	
  weak	
  temperature	
  gradient	
  approach	
  seems	
  to	
  be	
  	
  
a	
  useful	
  way	
  to	
  think	
  about	
  self-­‐aggrega-on.	
  Replace	
  the	
  
domain-­‐averaged	
  temp.	
  equa-on	
  by	
  its	
  dominant	
  balance:	
  
	
  
	
  ω	
  ∂s/∂p	
  =	
  hea-ng	
  
	
  
which	
  is	
  diagnos-c	
  for	
  ω	
  ,	
  instead	
  of	
  prognos-c	
  for	
  
dry	
  sta-c	
  energy	
  s	
  (or	
  temperature	
  T).	
  	
  	
  
	
  
(For	
  SCM/CRM	
  applica-ons,	
  can	
  subs-tute	
  damped	
  gravity	
  
wave/WPG	
  if	
  desired,	
  but	
  WTG	
  is	
  cleaner	
  for	
  the	
  purposes	
  of	
  
our	
  argument	
  here	
  because	
  it	
  filters	
  gravity	
  waves)	
  
	
  



The	
  weak	
  temperature	
  gradient	
  approach	
  seems	
  to	
  be	
  	
  
a	
  useful	
  way	
  to	
  think	
  about	
  self-­‐aggrega-on.	
  Replace	
  the	
  
domain-­‐averaged	
  temp.	
  equa-on	
  by	
  its	
  dominant	
  balance:	
  
	
  
	
  ω	
  ∂s/∂p	
  =	
  hea-ng	
  
	
  
which	
  is	
  diagnos-c	
  for	
  ω	
  ,	
  instead	
  of	
  prognos-c	
  for	
  
dry	
  sta-c	
  energy	
  s	
  (or	
  temperature	
  T).	
  	
  	
  
	
  
	
  



A single column model in which WTG is imposed produces multiple  
equilibria which we believe are analogs of self-aggregation  
(Sobel, Bellon & Bacmeister 2007; Emanuel & Sobel 2013) 

Same thing happens in small-domain 
CRM under WTG (Sessions et al. 2010) 



The	
  single-­‐column	
  WTG	
  view	
  of	
  self-­‐aggrega-on	
  leads	
  to	
  	
  
analysis	
  of	
  column-­‐integrated	
  budgets	
  of	
  moist	
  sta-c	
  energy	
  	
  
(or	
  moist	
  entropy).	
  What	
  maintains	
  the	
  column	
  MSE	
  anomalies	
  	
  	
  
	
  –	
  advec-on,	
  surface	
  fluxes,	
  radia-on?	
  
	
  
To	
  the	
  extend	
  that	
  WTG	
  is	
  valid,	
  varia-ons	
  in	
  the	
  column	
  
MSE	
  itself	
  are	
  dominated	
  by	
  those	
  in	
  column-­‐integrated	
  
	
  water	
  vapor.	
  



In	
  the	
  presence	
  of	
  planetary	
  rota-on,	
  self-­‐aggrega-on	
  leads	
  to	
  
tropical	
  cyclogenesis.	
  
	
  
(Held	
  and	
  Zhao	
  2008;	
  Khairoutdinov	
  and	
  Emanuel	
  2013;	
  Zhou	
  et	
  
al.	
  2014;	
  Isaac	
  Held’s	
  recent	
  blog	
  post,	
  #43)	
  



The	
  “marsupial”	
  theory	
  of	
  tropical	
  cyclogenesis	
  focuses	
  on	
  a	
  blob	
  
of	
  moist	
  air	
  as	
  a	
  Lagrangian	
  en-ty	
  –	
  genesis	
  occurs	
  to	
  the	
  extent	
  
that	
  it	
  can	
  hold	
  together	
  against	
  both	
  horizontal	
  and	
  ver-cal	
  shear.	
  	
  

Montgomery	
  et	
  al	
  2010,	
  ACP	
  
See	
  also	
  Dunkerton	
  et	
  al.	
  2009	
  etc.	
  



As	
  vor-city	
  spins	
  up,	
  balanced	
  temperature	
  anomalies	
  can	
  	
  
be	
  sustained.	
  These	
  have	
  an	
  influence	
  on	
  convec-on.	
  

Raymond	
  &	
  Sessions	
  2007,	
  GRL	
  



In	
  the	
  strong	
  form	
  of	
  WTG,	
  we	
  must	
  give	
  up	
  on	
  predic-on	
  	
  
of	
  temperature.	
  	
  T	
  perturba-ons	
  assumed	
  negligible	
  for	
  	
  
purpose	
  of	
  compu-ng	
  physics	
  tendencies.	
  
	
  
The	
  weak	
  form:	
  we	
  can	
  allow	
  small	
  temperature	
  
perturba-ons	
  -­‐	
  	
  impose	
  them	
  (e.g.,	
  Raymond	
  and	
  Sessions),	
  
or	
  diagnose	
  them	
  from	
  higher	
  order	
  balances,	
  to	
  see	
  their	
  
effect	
  on	
  physics.	
  



Many	
  of	
  us	
  are	
  now	
  thinking	
  about	
  the	
  MJO	
  in	
  broadly	
  similar	
  
terms.	
  
	
  
“Self-­‐aggrega-on	
  on	
  the	
  beta	
  plane”	
  
	
  
Meaning,	
  a	
  (large)	
  blob	
  of	
  moist	
  air	
  encourages	
  con-nued	
  convec-on	
  	
  
in	
  one	
  region,	
  by	
  moisture-­‐convec-on	
  feedback	
  (entrainment	
  etc.).	
  	
  
	
  
Some	
  combina-on	
  of	
  surface	
  flux	
  and	
  radia-ve	
  feedbacks	
  maintains	
  the	
  
moisture	
  anomaly	
  -­‐	
  best	
  seen	
  through	
  MSE	
  (or	
  entropy)	
  budget.	
  
	
  
Advec-on	
  causes	
  it	
  to	
  propagate.	
  To	
  a	
  significant	
  extent	
  the	
  	
  
advec-on	
  is	
  horizontal.	
  



Horizontal	
  and	
  ver-cal	
  advec-on	
  are	
  comparable	
  in	
  magnitude	
  but	
  
horizontal	
  plays	
  a	
  more	
  obvious	
  role	
  in	
  propaga-on.	
  

Kim,	
  Kug,	
  and	
  Sobel	
  J.	
  Climate	
  2014	
  



	
  
“Self-­‐aggrega-on	
  on	
  the	
  beta	
  plane”	
  
	
  
Moisture	
  -­‐	
  >	
  convec-on	
  -­‐>	
  flow	
  field	
  that	
  moves	
  the	
  moisture	
  
	
  
Numerical	
  models	
  don’t	
  simulate	
  a	
  good	
  MJO	
  unless	
  their	
  deep	
  	
  
convec-on	
  is	
  sufficiently	
  sensi-ve	
  to	
  free-­‐tropospheric	
  moisture.	
  	
  
	
  



Modified Observations Control 

E.g., GFDL AM3 – Donner et al. (2011), Benedict et al. (2011) 

Better MJO in model whose convection scheme has been modified to 
increase sensitivity to moisture 



•  Moisture	
  influences	
  convec-on	
  (ac4ve	
  scalar)	
  
•  Convec-on	
  influences	
  radia-on	
  
•  Convec-on,	
  radia-ondirectly	
  control	
  the	
  divergent	
  
flow	
  (WTG)	
  

•  The	
  divergent	
  flow	
  drives	
  the	
  rota-onal	
  flow	
  by	
  
vortex	
  stretching	
  

•  Rota-onal	
  flow	
  controls	
  temperature	
  anomalies,	
  
which	
  also	
  feed	
  back	
  to	
  convec-on	
  	
  

•  The	
  total	
  flow	
  controls	
  the	
  surface	
  fluxes	
  
•  Surface	
  fluxes,	
  radia-on	
  and	
  advec-on	
  move	
  
moisture	
  around	
  (best	
  viewed	
  through	
  budgets	
  of	
  
entropy/MSE)	
  



The	
  picture	
  that	
  emerges	
  has	
  some	
  resemblance	
  to	
  the	
  theory	
  
of	
  balanced,	
  adiaba-c	
  mo-ons	
  in	
  the	
  extratropics	
  (e.g.,	
  Hoskins,	
  
McIntyre	
  and	
  Robertson)	
  
	
  



The	
  picture	
  that	
  emerges	
  has	
  some	
  resemblance	
  to	
  the	
  theory	
  
of	
  balanced,	
  adiaba-c	
  mo-ons	
  in	
  the	
  extratropics	
  (e.g.,	
  Hoskins,	
  
McIntyre	
  and	
  Robertson):	
  
	
  
Poten-al	
  temperature	
  and	
  poten-al	
  vor-city	
  are	
  approximately	
  	
  
conserved	
  following	
  the	
  mo-on.	
  The	
  rota-onal	
  	
  
flow	
  can	
  be	
  found	
  diagnos-cally	
  from	
  those	
  two	
  fields,	
  given	
  	
  
boundary	
  condi-ons.	
  The	
  divergent	
  flow	
  is	
  small	
  and	
  inferred	
  
diagnos-cally	
  at	
  second	
  order.	
  The	
  rota-onal	
  flow	
  then	
  advects	
  
PV	
  and	
  theta	
  around,	
  etc.	
  
	
  



PV	
  advected	
  on	
  theta	
  surfaces	
  
	
  	
   	
  	
  
	
  
Rota-onal	
  flow	
  diagnosed	
  from	
  PV	
  

	
  	
  
	
  
Divergent	
  flow	
  diagnosed	
  from	
  	
  
second	
  order	
  balances	
  
	
  

	
  	
  Moisture	
  advected	
  in	
  3D	
  (but	
  	
  
	
   	
  horiz.	
  component	
  important)	
  
	
  	
  
	
  Divergent	
  flow	
  diagnosed	
  from	
  moisture	
  
	
   	
   	
   	
  (given	
  physics	
  and	
  WTG)	
  
	
  	
  
	
  Vor-city	
  prognosed,	
  temperature	
  	
  
	
   	
  diagnosed	
  from	
  second	
  order	
  balances	
  
	
  	
  

	
  

Ro,	
  Fr	
  <<	
  1	
  
	
  	
   	
  	
  
f	
  >>	
  β	
  L	
  
	
  
Diaba-c	
  hea-ng	
  small	
  
(thus	
  moisture	
  unimportant)	
  	
  
	
  

Fr	
  <<	
  1	
  (Ro	
  may	
  or	
  may	
  not	
  be)	
  
	
  	
   	
  	
  
f	
  	
  small	
  
	
  
Diaba-c	
  hea-ng	
  large,	
  controlled	
  
by	
  moisture	
  

	
  	
  
	
  

Extratropical	
   Tropical	
  



This	
  picture	
  of	
  tropical	
  dynamics	
  is	
  not	
  as	
  clean	
  as	
  its	
  extratropical	
  
counterpart.	
  Nothing	
  is	
  conserved	
  all	
  that	
  well.	
  The	
  rela-on	
  of	
  
moisture	
  to	
  convec-on	
  is	
  highly	
  model-­‐dependent.	
  
	
  
But	
  the	
  recogni-on	
  that	
  horizontal	
  advec-on	
  is	
  important	
  Implies	
  
	
  some	
  degree	
  of	
  Lagrangian	
  thinking.	
  	
  
	
  



Weekly means from CINDY/DYNAMO period: Column water 
vapor (color, mm) 850 hPa wind vector, Precipitation (mm/d, 
interval 10) 

October event 
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Wheeler and Kiladis 1999 

How	
  much	
  tropical	
  behavior	
  might	
  this	
  “slow”	
  dynamics	
  explain?	
  
Hypothesis:	
  MJO,	
  ER/tropical	
  depressions/early	
  genesis.	
  Not	
  Kelvin/	
  
IGW.	
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How	
  much	
  tropical	
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  might	
  this	
  “slow”	
  dynamics	
  explain?	
  
Hypothesis:	
  MJO,	
  ER/tropical	
  depressions/early	
  genesis.	
  Not	
  Kelvin/	
  
IGW.	
  
	
  
	
  



wave number 

fre
qu

en
cy

 

Wheeler and Kiladis 1999 

How	
  much	
  tropical	
  behavior	
  might	
  this	
  “slow”	
  dynamics	
  explain?	
  
Hypothesis:	
  MJO,	
  ER/tropical	
  depressions/early	
  genesis.	
  Not	
  Kelvin/	
  
IGW.	
  
We	
  tend	
  to	
  think	
  there	
  is	
  no	
  scale	
  separa-on	
  in	
  the	
  tropics,	
  but	
  
maybe	
  there	
  is.	
  
	
  



What	
  are	
  the	
  implica-ons	
  of	
  this?	
  	
  
	
  
It	
  means	
  something	
  about	
  predictability.	
  TC	
  genesis	
  and	
  
MJO	
  are	
  being	
  predicted	
  beser	
  and	
  beser	
  by	
  models.	
  
	
  



What	
  are	
  the	
  implica-ons	
  of	
  this?	
  	
  
	
  
It	
  means	
  something	
  about	
  predictability.	
  TC	
  genesis	
  and	
  
MJO	
  are	
  being	
  predicted	
  beser	
  and	
  beser	
  by	
  models.	
  
	
  
What	
  is	
  the	
  equivalent	
  of	
  the	
  isentropic	
  PV	
  map?	
  	
  



Surface fluxes always lag convection;  would drive MJO westward. 
Radiation must be important for growth;  advection for propagation. 

LW flux from  
atmosphere 


