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Self-‐aggrega0on	  of	  convec0ve	  plumes	  

•  Intense	  convec0on	  is	  dominated	  by	  the	  ac0on	  of	  plumes,	  
coherent	  structures	  which	  mix	  the	  fluid	  and	  are	  responsible	  for	  a	  
large	  frac0on	  of	  the	  ver0cal	  heat	  transport	  in	  the	  bulk	  of	  the	  fluid	  

•  There	  is	  a	  wide	  range	  of	  cases	  	  
where	  convec0ve	  plumes	  are	  found	  	  
to	  cluster	  together	  in	  large-‐scale	  	  
structures,	  while	  mantaining	  
their	  iden0ty:	  in	  laboratory	  exps,	  
numerical	  exps	  and	  observed	  in	  
natural	  systems	  (e.g.	  mesoscale	  	  
clusters	  in	  rain	  storms,	  	  
large-‐scale	  cloud	  structures,	  
solar	  convec0on)	  

L.P.	  Kadanoff,	  	  
Physics	  Today	  2001	  



Clustering	  of	  plumes	  in	  Rayleigh-‐Bénard	  Convec0on	  	  
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Evolu0on	  of	  horizontal	  sec0ons	  of	  temperature	  
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Plume	  sta0s0cs	  

•  We	  iden0fy	  plumes	  by	  detec0ng	  local	  maxima	  in	  the	  
turbulent	  heat	  transport	  wθ’	  on	  the	  midplane,	  keeping	  
connected	  regions	  with	  heat	  flux	  larger	  than	  4<	  wθ’	  >	  	  

•  Plumes	  occupy	  8%	  of	  the	  area	  of	  the	  midplane.	  
•  Plumes	  carry	  about	  50%	  of	  the	  total	  heat	  transported.	  
•  The	  number	  of	  plumes	  Np	  	  and	  their	  average	  area	  Ap	  remain	  

approximately	  constant	  over	  0me!	  



Power	  spectra	  and	  evolu0on	  of	  scales	  
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Fig. 4. Results for R = 106. Horizontal section of the temperature field at t = 500, z = 1
2 , for L = 12π (a); value of the spectral peak scale λmax for L = 12π (b)

and of the integral scales Λ for L = 2π , L = 6π and L = 12π (c), as functions of time. These two scales have been estimated from the depth-averaged kinetic
energy spectra as discussed in the text.

averaging the values of λmax and Λ over time for t > 100.1 No-
tice that at fixed R, the dependence of the saturation scale on
the aspect ratio is not monotonic, suggesting perhaps that tem-
poral fluctuations still play a relevant role. Much larger values
of the aspect ratio may be needed to determine the value of λmax
with high precision.

Fig. 5 indicates that, at least for the moderately large val-
ues of the Rayleigh number explored here, there is at most a
weak dependence of the saturation scale on R. While the scale
of the spectral peak λmax seems to display a very weak growth
with R, the integral scale Λ does not and it perhaps even de-
creases slowly with R. However, the value of the integral scale
depends on both the location of the spectral peak and the global
shape of the energy spectrum, which varies with the value of R.
A better measure of the peak scale is thus provided by λmax.

1 The simulation for R = 108 was run for a time of only t = 114, while results
in Fig. 5 at the smaller values of R were from runs for much longer times. Since
the aspect ratio was L = 2π for that run, it is unlikely that the results will have
settled down in the short time allowed and indeed they may never settle down,
as we surmise from the other results at such low L. This result is therefore not
in the category of the others and it is not shown in Fig. 5.

3. Conclusions

The simulations reported here reveal saturation of the scale
of the horizontal pattern of aggregates of rising and sinking
plumes in Rayleigh–Bénard convection at moderately large val-
ues of the Rayleigh number. The saturation scale displays a very
weak dependence on the value of the Rayleigh number, and so
does the length of the transient needed to reach the saturation
scale. The results of our numerical exploration indicate that as-
pect ratio 4π or 6π is enough to simulate statistically-stationary
convection in the range of Rayleigh numbers explored here
(though much larger aspect ratios may be needed to provide
a precise measurement of the saturation scale). Given the weak
dependence of the saturation scale on R, this aspect ratio should
be able to accomodate the full pattern sizes at somewhat larger
values of R, but the situation at much larger values of R could
be rather different.

Stepping back from the immediate problem of what deter-
mines the saturation length of the patterns of turbulent convec-
tion, we may inquire why there are large patterns at all. One
possibility is that at large Rayleigh numbers the turbulent fluid
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Dependency	  on	  the	  Rayleigh	  number	  



Causes	  of	  the	  clustering	  process	  ?	  

•  Divergence	  of	  the	  horizontal	  velocity	  field	  
caused	  by	  impinging	  plumes	  à	  strong	  
feedbacks	  

•  The	  clustering	  process	  seems	  to	  be	  a	  result	  of	  
the	  interac0on	  between	  the	  two	  BLs,	  through	  
the	  ac0on	  of	  the	  plumes	  traversing	  the	  fluid.	  

•  Is	  there	  a	  satura0on	  scale	  for	  the	  clusters?	  

Other	  interpreta0ons:	  

1)  T.	  Elperin,	  N.	  Kleeorin,	  I.	  Rogachevskii,	  Phys.	  Rev.	  E	  66,	  	  	  	  	  	  066305	  (2002)	  

2)  T	  .	  Hartlep,	  A.	  Tilgner	  and	  F.	  Busse,	  	  Phys.	  Rev.	  Le:.	  91	  (6),	  	  064501	  (2003)	  



What	  happens	  in	  more	  realis0c	  models?	  

•  RB	  is	  up-‐down	  simmetric,	  fixed	  temperature	  
BC	  	  

•  The	  real	  atmosphere:	  moist,	  precipita0ng,	  
with	  radia0ve	  effects,	  non	  Boussinesq…	  



A	  slightly	  richer	  model:	  including	  a	  constant	  radia0ve	  
cooling	  and	  an	  adiaba0c	  lapse	  rate	  

•  Berlengiero,	  M,	  Provenzale	  A,	  Emanuel	  K	  A,	  	  
E	  A	  Spiegel,	  A	  Minimal	  Model	  of	  Atmospheric	  Convec0on,	  NPG	  (2005)	  

•  Berlengiero	  M,	  K	  A	  Emanuel,	  von	  Hardenberg	  J,	  Provenzale	  A,	  E	  A	  Spiegel,	  
Internally	  cooled	  convec0on,	  Commun	  Nonlin	  Sci	  Numer	  Sim,	  (2012)	  
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A	  slightly	  richer	  model:	  including	  a	  constant	  radia0ve	  
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Power	  spectra	  Vert.	  velocity	  PDFs	  



Moist	  Rayleigh-‐Bénard	  convec0on	  
(from:	  Pauluis	  and	  Schumacher	  2011)	  

Refs:	  	  
•  Pauluis	  &	  Schumacher,	  Self	  aggrega0on	  of	  clouds	  in	  

condi0onally	  unstable	  moist	  convec0on,	  PNAS	  (2011)	  
•  Bretherton,	  ’A	  theory	  for	  non-‐precipita0ng	  moist	  

convec0on	  between	  two	  parallel	  plates’,	  JAS	  (1987)	  	  

	  
	  
	  
	  



Oscilla0ons	  in	  open	  cellular	  cloud	  fields	  
(from:	  Feingold	  et	  al.	  2010)	  

Ref:	  Feingold	  et	  al.,	  
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Idealized	  experiments	  with	  a	  realis0c	  model	  (WRF)	  
	  

•  Numerical	  simula0ons	  are	  done	  using	  the	  fully	  3D,	  
compressible,	  non-‐hydrosta0c	  Weather	  Research	  and	  
Forecast	  (WRF)	  model	  

•  Different	  microphysics	  schemes	  (Thompson,	  Morrison,	  
WSM6).	  All	  consider	  vapor,	  rain,	  snow,	  ice,	  graupel.	  

•  Convec0ve-‐radia0ve	  equilibrium	  experiments,	  using	  a	  
constant	  cooling	  Q=-‐4K/day	  

•  Constant	  surface	  T=300K	  
•  Homogeneous	  boUom	  surface,	  periodic	  boundaries	  
and	  no	  external	  large-‐scale	  flow	  

•  Doubly	  periodic,	  square	  domain	  400km	  ×	  400km	  ×	  
20km	  Horizontal	  resolu0on	  500m.	  Ver0cal	  resolu0on	  :	  
60	  pressure	  levels.	  



Clustering	  



Oscilla0ons	  





Temporal	  autocorrela0on	  of	  the	  columnar	  water	  
vapor	  content	  



Dependence	  on	  resolu0on	  and	  on	  domain	  size	  

No	  dependence	  of	  period	  on	  resolu0on	   Period	  depends	  on	  domain	  size	  	  



Self-‐aggrega0on	  in	  radia0ve-‐convec0ve	  experiments	  
with	  a	  full	  interac0ve	  radia0on	  scheme	  	  

•  Bretherton	  et	  al.,	  An	  energy	  balance	  analysis	  of	  deep	  
convec0ve	  self-‐aggrega0on	  above	  uniform	  SS,	  JAS	  (2005)	  

•  Muller	  &	  Held,	  Detailed	  inves0ga0on	  of	  the	  self-‐
aggrega0on	  of	  convec0on	  in	  cloud	  resolving	  simula0ons,	  
JAS	  (2012)	  

	  

•  We	  explore	  this	  problem	  with	  WRF,	  WSM6,	  square,	  
periodic	  domain	  400km	  x	  400km,	  2km	  resolu0on.	  

•  Surface	  T=300K	  
•  RRTM	  radia0on	  
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Evolu0on	  of	  the	  integral	  length	  scale	  
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Frozen	  Moist	  Sta0c	  Energy	  
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Conclusions	  

•  We	  have	  found	  that	  the	  self-‐aggrega0on	  or	  clustering	  
of	  convec0ve	  plumes	  is	  a	  common	  phenomenon	  in	  
very	  different	  models	  of	  atmospheric	  convec0on,	  from	  
RB	  convec0on	  to	  a	  full	  non-‐hydrosta0c	  model.	  

•  Of	  course	  different	  mechanisms	  at	  work	  in	  all	  these	  
cases,	  but	  the	  study	  of	  these	  structures	  and	  of	  their	  
forma0on	  may	  be	  crucial	  since	  they	  may	  affect	  
significantly	  the	  flow	  dynamics	  (see	  also	  the	  salt	  
fingering	  talk	  of	  yesterday)	  

•  Some	  of	  these	  structures	  may	  not	  be	  robust	  under	  
realis0c	  condi0ons	  (e.g.	  long	  forma0on	  0mes	  under	  
undisturbed	  condi0ons)	  


