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Outline 
•  Simple	
  constructs	
  that	
  may	
  have	
  outlived	
  their	
  usefulness	
  

–  Albedo	
  effect	
  
–  LifeCme	
  effect	
  
–  nth	
  indirect	
  effect	
  

•  AnCcipated	
  and	
  unanCcipated	
  responses	
  

•  CorrelaCon	
  vs.	
  Causality	
  

•  Self-­‐organizing	
  systems	
  

•  Bistability	
  and	
  the	
  role	
  of	
  Aerosol	
  

•  Numerical	
  Ship	
  track	
  experiments	
  



Some simple cloud physics 

•  Clouds	
  are	
  dynamical	
  enCCes	
  and	
  the	
  characterisCcs	
  of	
  the	
  
cloud	
  field	
  depend	
  on	
  the	
  meteorological	
  regime	
  
–  To	
  first	
  order,	
  cloud	
  fracCon	
  and	
  depth	
  or	
  LWP	
  dictate	
  albedo	
  

•  More	
  aerosol	
  à	
  more	
  drops	
  (almost	
  always)	
  
–  But	
  drop	
  size	
  response	
  is	
  unpredictable	
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Some simple cloud physics 

•  Smaller	
  drops	
  are	
  less	
  likely	
  to	
  collide	
  and	
  coalesce;	
  	
  
	
  	
  	
  	
  	
  need	
  ~	
  20	
  µm	
  radius	
  drops	
  to	
  iniCate	
  the	
  process	
  

Collected	
  drop	
  radius,	
  µm	
  

Collector	
  drop	
  radius	
  

Wallace	
  and	
  Hobbs	
  2006	
  

Small	
  droplets	
  don’t	
  collide	
  	
  
easily	
  with	
  large	
  
droplets	
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  collecCon	
  efficiency	
  



Some simple cloud physics 

•  Smaller	
  drops	
  are	
  less	
  likely	
  to	
  collide	
  and	
  coalesce;	
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  ~	
  20	
  µm	
  radius	
  drops	
  to	
  iniCate	
  the	
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Spatial/Temporal scales 

•  Involves	
  complexity	
  in	
  both	
  aerosol	
  and	
  clouds	
  
•  Range	
  of	
  spaCal	
  scales	
  

–  Aerosol	
  parCcles	
  10s	
  –	
  1000s	
  nanometres	
  
–  Cloud	
  drops/ice	
  parCcles:	
  µm	
  –	
  cm	
  
–  Cloud	
  scales:	
  ~	
  10	
  	
  m	
  –	
  103	
  km	
  	
  

•  Range	
  of	
  temporal	
  scales	
  
–  AcCvaCon	
  process	
  (aerosolà	
  droplet):	
  <	
  sec	
  
–  Time	
  to	
  generate	
  precipitaCon	
  ~	
  20	
  min	
  
–  Cloud	
  systems:	
  days	
  

•  Coupled	
  System	
  
–  Scale	
  interacCons	
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Some pitfalls 
CorrelaCon	
  vs	
  CausaCon	
  
	
  
Most	
  satellite	
  studies	
  show	
  correla0ons	
  between	
  cloud	
  and	
  
aerosol	
  
Increasingly,	
  model	
  reanalysis	
  is	
  being	
  used	
  to	
  separate	
  	
  
aerosol	
  from	
  meteorological	
  influences	
  

	
   Satellite	
  remote-­‐sensing	
  

Aerosol Index 
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Some pitfalls contd.. 

Remote	
  sensing	
  of	
  aerosol-­‐cloud	
  interacCons	
  from	
  space	
  is	
  hard!	
  
	
  
-­‐	
  Adjacency	
  
	
  
-­‐	
  “Cloud	
  contamina0on”	
  
	
  
-­‐	
  3-­‐D	
  effects	
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Some pitfalls contd.. 

Models	
  are	
  imperfect!	
  
	
  
-­‐  Range	
  of	
  scales	
  is	
  a	
  huge	
  challenge	
  
	
  
-­‐  “All	
  models	
  are	
  wrong:	
  some	
  are	
  useful”	
  

	
   	
   	
   	
  George	
  Box	
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What controls cloud albedo? 

	
   	
   	
  (for	
  low	
  )"

•  Cloud	
  OpCcal	
  depth	
  is	
  2.5	
  x	
  more	
  sensiCve	
  to	
  changes	
  in	
  LWP	
  
than	
  changes	
  in	
  Nd 

 

•  LWP	
  	
  has	
  a	
  much	
  stronger	
  control	
  on	
  cloud	
  opCcal	
  depth	
  than	
  
Nd 
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A useful metric 

Albedo	
  Suscep0bility	
  
	
  	
  	
  	
  	
  Which	
  clouds	
  are	
  most	
  sensiCve	
  to	
  
	
  	
  	
  	
  	
  increases	
  in	
  Nd	
  (vis-­‐à-­‐vis	
  albedo)?	
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Non-­‐precipitaCng	
  clouds*	
  
Xue	
  and	
  Feingold,	
  2004	
  

At	
  constant	
  LWP:	
  τ /τ0	
  =	
  (Nd	
  /	
  Nd0)1/3	
  

Influences of  aerosol on distribution breadth 

•  Non	
  precipitaCng	
  clouds:	
  breadth	
  effects	
  reduce	
  albedo	
  suscepCbilty	
  
•  PrecipitaCng	
  clouds:	
  breadth	
  effects	
  enhance	
  albedo	
  suscepCbilty	
  

*For	
  precipitaCng	
  clouds	
  see	
  Feingold	
  et	
  al.	
  JGR	
  1997	
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  2002:	
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Sign	
  of	
  the	
  change	
  is	
  uncertain!	
  

How does LWP respond to aerosol? 
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Figure 4.  Average optical depths and droplet effective radii for contaminated (solid line) and 
uncontaminated (dashed line) pixels taken from 30-km track segments.  The number of track 
segments, means and standard deviations of the distributions are given.   
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  smaller	
  in	
  ship	
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Figure 8.  eRln/ln !!" #  for the 30-km ship track segments in which the average change in 
droplet effective radius, uncontaminated " contaminated, was greater than 2 µm.    

eRln/ln !!" #  = 1 if the cloud liquid water amount remains constant.  The number of segments, 
means, and estimates of two standard deviations for the ensemble means are given. 
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Meteorological context for aerosol influences 

MODIS cloud properties and the CloudSat rain flag and
may contain some clear sky. In fact, on average, the CERES
pixels used in this analysis contain 19.2% clear sky. To
account for this fact and to eliminate any relationship
between cloud fraction and AI the cloudy sky albedo is
derived from the TOA flux. First dividing the observed
upwelling TOA flux by the calculated incident TOA flux
derives the all sky albedo. Second, the clear sky component
of the flux is removed using the CERES estimate of clear
sky area within the CERES field of view via,

acld ¼ aall " 1" fð Þaclr

f
; ð4Þ

where f is the MODIS cloud fraction within the CERES
footprint and a is the albedo.
[18] The trend of the CERES cloudy sky albedo with AI

is given in Figure 1E and again the magnitude of the trends
are shown in Table 2. These independent estimates of
albedo agree well with the previous results, indicating that

the albedo enhancement is indeed diminished in the lower
static stability regime presumably because the LWP de-
crease is larger in these environments than in the high
stability regime. This independent result adds credence to
the observations that clouds in unstable environments tend
to suffer decreases in LWP not observed in stable environ-
ments. The analysis has been performed with both the
CERES TOA cloudy sky albedo and a cloud top albedo
derived using the MODIS cloud products (t, re) and the two
stream approximation. Both estimates of cloud albedo lead
to the same conclusions, therefore the following results
show the CERES albedo because it provides an independent
estimate of this quantity. Figure 4 demonstrates that the two
products are well correlated. The high bias of the MODIS
estimate results from the sensor resolution differences and
the fact that MODIS is a cloud top estimate as opposed to
the TOA estimate of CERES.
[19] Although the previous results suggest that the con-

stant liquid water path approximation is not valid on the
global scale, it is still of interest to examine the constant
liquid water path case. To do this cloud properties are
examined as a function of LWP. For example, the CERES
cloud albedo is plotted against LWP for four stability and
aerosol regimes in Figure 5A. This plot demonstrates that
for a constant LWP the increase in albedo is greater for high
LWP clouds than it is for low LWP clouds. This result might
be slightly counter-intuitive, as one would expect a satura-
tion of the cloud albedo for high LWP. An explanation for
this phenomenon can be found in Figure 5B, which shows
re as a function of LWP for the same stability and aerosol
regimes as in Figure 5A. The sensitivity of the effective
radius to AI increases with LWP and this in turn results in
an increased sensitivity of the optical depth to AI. It can be
predicted that the sensitivity of re to aerosol should increase
with increasing LWP by considering the LWP of a vertically
homogenous cloud with a mean volume radius !rv, number
concentration N, and thickness H,

LWP ¼ 4

3
prl !rv

3NH : ð5Þ

Figure 4. Comparison of the CERES TOA albedo with
the cloud top albedo derived from the MODIS cloud
products using a two stream radiative transfer model.

Figure 5. Trends of the (A) CERES cloudy sky albedo and (B) MODIS re with the AMSR-E LWP. The
delineation between clean and dirty is given by AI = 0.1. The stable curve represents all LTSS between 18
and 21 K. The unstable curve represents all LTSS between 12 and 15 K.
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Wang,	
  Wang,	
  Feingold,	
  2003	
  

LWP	
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  aerosol:	
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Ackerman	
  et	
  al.	
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Humidity	
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Modeling of  Aerosol effects on Stratocumulus in LES 
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Δx	
  =	
  Δy	
  =	
  20	
  m;	
  Δz	
  =	
  10	
  m	
  

Δx	
  =	
  Δy	
  =	
  40	
  m;	
  Δz	
  =	
  20	
  m	
  

High	
  aerosol	
  

Low	
  aerosol	
  

High	
  aerosol	
  

Low	
  aerosol	
  

FIRE-­‐I	
  Scu,	
  non	
  precipita)ng	
  
	
  
	
  
-­‐	
  Coarse	
  resolu0on	
  has	
  lower	
  	
  
LWP	
  
	
  
-­‐	
  Reduc0on	
  in	
  LWP	
  with	
  	
  
	
  	
  increasing	
  aerosol	
  
	
  
-­‐	
  Effect	
  of	
  representa0on	
  of	
  	
  
	
  	
  mixing	
  (homogeneous	
  vs.	
  	
  
	
  	
  inhomogeneous;	
  black	
  vs	
  grey)	
  
	
  	
  is	
  small	
  
	
  

Hill	
  et	
  al.	
  2009	
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Cumulus Clouds 



Cumulus Clouds 
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• 	
  Large	
  variaCon	
  in	
  cloud	
  depth	
  
• 	
  Significant	
  entrainment	
  	
  
• 	
  *SubadiabaCc	
  liquid	
  water	
  
• 	
  Cloud	
  FracCon	
  ~	
  10%	
  
• 	
  Frequent	
  in	
  trade	
  wind	
  regime	
  
• 	
  PrecipitaCon	
  common	
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  et	
  al.	
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Houston,	
  GoMACCS	
  2006:	
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  Hubbel	
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Time	
  series	
  	
   clean	
  (Na	
  =	
  25	
  cm-­‐3)	
  
polluted	
  (Na	
  =	
  2000	
  cm-­‐3)	
  

precip	
  suppression	
  

Time	
  (h)	
   Time	
  (h)	
  

cloud	
  frac)on	
  

LWP_cloud	
  (g	
  m-­‐2)	
   LWP_domain	
  (g	
  m-­‐2)	
  

surface	
  drizzle	
  rate	
  (mm	
  day-­‐1)	
  TKE	
  (kg	
  s-­‐2)	
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  top	
  height	
  (m)	
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Zhao	
  and	
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  of	
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  Cloud	
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  vectors	
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The link between smaller droplets, faster evaporation 
and dynamics: Turbulent flux and buoyancy flux 

evidence	
  of	
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evapora0ve	
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  turbulence	
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  to	
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  JAS	
  2006	
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  Evidence	
  from	
  Observa)ons:	
  GoMACCS	
  (Houston	
  2006)	
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Liquid	
  water	
  path:	
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Aerosol Effects on Cloud Lifetime 



Based	
  on	
  analysis	
  of	
  100s	
  of	
  individual	
  clouds	
  using	
  object	
  oriented	
  
cloud	
  tracking	
  tools	
  

Jiang,	
  Xue,	
  Teller,	
  Feingold,	
  Levin:	
  GRL	
  2006	
  

Aerosol Effects on Cloud Lifetime 



Why? Competing Aerosol effects on Cloud Microphysics 

r
S

dt
dr

!
-  Small droplets evaporate faster than large ones 
   Ratio of timescales for evaporation (clean vs polluted)  
   may be a factor of 5-10 
 

-  Small droplets do not coalesce efficientlyà less rain 

vs. 



Beware of simple constructs 

More	
  aerosol	
  à	
  more	
  drops	
  à	
  less	
  coalescenceà	
  less	
  rain	
  	
  
à	
  higher	
  LWP	
  à	
  higher	
  cloud	
  frac0onà	
  longer	
  life0me	
  

	
   	
   	
   	
  	
  
A	
  non	
  monotonic	
  response…	
  

Aerosol	
  concentraCon,	
  cm-­‐3	
  

	
  	
  	
  
Cl
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d	
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   ATEX	
  

Xue,	
  Feingold,	
  	
  
Stevens,	
  2008	
  

?	
   ?	
   ?	
  

Precipita0on	
  suppression	
  
increases	
  cloud	
  frac0on	
  

Enhanced	
  evapora0on	
  	
  
due	
  to	
  smaller	
  drops	
  	
  
decreases	
  cloud	
  frac0on	
  

-­‐  Microphysical	
  feedbacks	
  complicate	
  the	
  simple	
  monotonic	
  
response	
  

-­‐  Rain,	
  LWP,	
  cloud	
  frac0on	
  and	
  life0me	
  responses	
  	
  are	
  not	
  
necessarily	
  connected	
  



Precipitating Warm Clouds 



Macrophysics vs Microphysics 

•  Measurements	
  show	
  that	
  Rainrate	
  R	
  ~	
  H3/N	
  or	
  	
  
	
  	
  	
  	
   R ~	
  LWP1.5/N 
•  Rain	
  producCon	
  is	
  1.5	
  -­‐2.5	
  x	
  more	
  sensiCve	
  to	
  changes	
  in	
  LWP	
  

than	
  changes	
  in	
  N 

•  H	
  or	
  LWP	
  	
  is	
  a	
  much	
  stronger	
  control	
  of	
  rainrate	
  than	
  N 
–  For	
  accreCon,	
  R	
  is	
  independent	
  of	
  N 

Ra
in
ra
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,	
  m

m
	
  d

-­‐1
	
  	
  	
  
	
  	
  	
  
	
  

H3	
  N-­‐1,	
  m6	
   Van	
  Zanten	
  et	
  al.	
  2005;	
  Wood	
  and	
  Brenguier,	
  2008	
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Another useful metric 

Precipita0on	
  suscep0bility	
  
Which	
  clouds	
  are	
  most	
  sensiCve	
  to	
  
increases	
  in	
  Nd (vis-­‐à-­‐vis	
  precip)?	
  
	
  
!R0 = "

d lnR
d lnNd

LWP,	
  g	
  m-­‐2	
  

Parcel	
  model	
  

LES	
  of	
  TradeCu	
  

1000	
  600	
  	
  	
  	
  

0.6	
  

1.1	
  

Feingold	
  and	
  Siebert	
  2008;	
  	
  
Sorooshian	
  et	
  al.,	
  2009	
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Extrapola)on	
  to	
  Tropical	
  Oceans	
  

Calculate	
  expected	
  precipita0on	
  
reduc0on	
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  region	
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Where	
  on	
  Earth	
  might	
  aerosol	
  reduce	
  precipita)on?	
  

-28.3% -2.6% -8.9% -18.5% 

Note:	
  Ro	
  may	
  be	
  biased	
  in	
  certain	
  regions	
  characterized	
  by	
  persistent	
  above-­‐cloud	
  
aerosol	
  layers	
  (CALIPSO	
  can	
  help	
  with	
  this).	
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What	
  about	
  the	
  ABSOLUTE	
  reduc)on	
  in	
  precipita)on?	
  

Sorooshian	
  et	
  al.	
  2009	
  



Albedo Susceptibility 

Figure 6. Global relationships between AI and nonprecipitating, transitional, and precipitating cloud
parameters. Circles represent the mean values and error bars show the standard deviation. The LWP
estimate is for the cloud component only. The reflectivity is the CPR vertical cloud mean reflectivity factor.

Table 3. Slope of Linear Fit Between Cloud Parameters and log10(AI)
a

Parameter Units Nonprecipitating Transitional Precipitating All Clouds

re micron !2.25 !2.04 !1.37 !2.32
t none 0.90 2.37 2.01 0.67
LWP (AMSR-E) g/m2 0.29 21.32 41.73 0.30
Cloudy sky albedo none 0.007 0.027 0.040 0.008
Reflectivity dBZ !0.57 !1.14 !0.69 !0.37

aComparison of non-precipitating, transitional and precipitating clouds.
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Figure 6. Global relationships between AI and nonprecipitating, transitional, and precipitating cloud
parameters. Circles represent the mean values and error bars show the standard deviation. The LWP
estimate is for the cloud component only. The reflectivity is the CPR vertical cloud mean reflectivity factor.

Table 3. Slope of Linear Fit Between Cloud Parameters and log10(AI)
a

Parameter Units Nonprecipitating Transitional Precipitating All Clouds

re micron !2.25 !2.04 !1.37 !2.32
t none 0.90 2.37 2.01 0.67
LWP (AMSR-E) g/m2 0.29 21.32 41.73 0.30
Cloudy sky albedo none 0.007 0.027 0.040 0.008
Reflectivity dBZ !0.57 !1.14 !0.69 !0.37

aComparison of non-precipitating, transitional and precipitating clouds.
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Non-­‐precipitaCng	
  clouds	
  

S0
' =

d lnA
d lnNd

Lebsock	
  et	
  al.	
  2008	
  

α
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  =
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  a
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A picture seems to be emerging… 

A	
  non	
  monotonic	
  response…	
  

Aerosol	
  concentraCon	
  

	
  	
  	
  
Cl
ou

d	
  
fr
ac
Co

n	
  
	
  	
  

Precipita0ng	
  clouds	
   Non-­‐precipita0ng	
  clouds	
  

LW
P	
  

Based	
  on	
  Wang	
  et	
  al.	
  2003,	
  Ackerman	
  et	
  al.	
  2004,	
  Lu	
  and	
  Seinfeld	
  2005,	
  Matsui	
  et	
  al.	
  2006,	
  	
  
Xue	
  et	
  al.	
  2008,	
  Lebsock	
  et	
  al.	
  2008,	
  Wang	
  et	
  al.	
  2011	
  



The global picture 

dA
d log10 AI

Lebsock	
  et	
  al.	
  2008	
  

Figure 9. Regional seasonal maps of the slope of a linear fit between the cloudy sky albedo and
log10(AI). All red and blue regions are statistically significant at the 95% level.
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Strongest	
  in:	
  extratropics,	
  subtropical	
  stratus	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  winter	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  strongly	
  capped	
  MBL	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  regions	
  less	
  apt	
  to	
  show	
  decreases	
  in	
  LWP	
  

	
  



Self-organization in the  
aerosol-cloud-precipitation system 



MODIS	
  image,	
  South	
  East	
  Pacific	
  

Mesoscale Cellular Convection 

-­‐	
  Radia0ve	
  forcing	
  of	
  the	
  ocean-­‐cloud	
  system	
  
-­‐	
  Fundamental	
  understanding	
  of	
  closed/open-­‐cell	
  evolu0on	
  



MODIS	
  image,	
  South	
  East	
  Pacific	
  



ConvecConal	
  and	
  sedimentaCon	
  dissipaCve	
  paierns	
  of	
  Miso	
  soup	
  Tsuneo	
  Okubo.	
  	
  
Colloid	
  Polym	
  Sci	
  (2009)	
  287:167–178	
  

Warm	
  currents	
  rise;	
  Cold	
  surface	
  currents	
  sink;	
  
Opposite	
  movements	
  cannot	
  take	
  place	
  at	
  the	
  	
  
same	
  0me	
  without	
  self-­‐organiza0on;	
  
	
  
Cellular	
  structures	
  emerge;	
  Rayleigh-­‐Benard	
  cells	
  
	
  
Spontaneous	
  crea0on	
  of	
  globally	
  coherent	
  pa\erns	
  
out	
  of	
  local	
  interac0ons	
  

Self-Organization in a Bowl of  Soup 



Baker	
  and	
  Charlson,	
  1990	
  

dC
CN

/d
t	
  

CCN,	
  m-­‐3	
  

Stable	
  Equilibria	
  

Drizzling	
  regime	
  

Non-­‐drizzling	
  	
  
regime	
  

System Equilibria 

Airactors	
  

A	
  

B	
  

Lorenz,	
  1954	
  



Feingold,	
  Koren,	
  Wang,	
  Xue,	
  Brewer	
  	
  (2010)	
  

Large eddy simulation of  open and closed-cells 

See	
  also	
  Stevens	
  et	
  al.	
  2005;	
  Savic-­‐Jovcic	
  and	
  Stevens	
  2008;	
  Xue	
  et	
  al.	
  2008;	
  Wang	
  and	
  Feingold	
  2009	
  	
  



Aerosol/drizzle selects the state	
  

Onset	
  of	
  	
  
drizzle	
  
results	
  	
  in	
  
transi0on	
  
to	
  open-­‐cell	
  
convec0on	
  

Garay	
  et	
  al.	
  2004,	
  MISR	
  

Closed-­‐cell	
  
Albedo	
  ~	
  0.6	
  

Open-­‐cell	
  
Albedo	
  ~	
  0.2	
   low	
  aerosol	
  

(precipitaCng)	
  

WRF	
  Model	
  
+	
  2-­‐moment	
  
µphysics;	
  
60	
  km	
  domain;	
  
Δx	
  =	
  Δy	
  =	
  300	
  m	
  	
  
Δz	
  =	
  30	
  m	
  
DYCOMS-­‐II	
  

high	
  aerosol	
  
(non-­‐	
  
precipitaCng)	
  	
  

Wang	
  and	
  Feingold,	
  2009a	
  

Albedo	
  Albedo	
  

(i)	
  Aerosol	
  “selects”	
  the	
  	
  
state	
  of	
  the	
  system	
  
(same	
  meteorology)	
  
	
  
(ii)	
  The	
  stable	
  state	
  oscillates	
  



Buffering 
	
  
Buffering:	
  different	
  paths	
  to	
  a	
  specific	
  end	
  buffer	
  the	
  system	
  	
  
	
   	
  	
  	
  	
  	
  	
  	
  against	
  disrupCons	
  to	
  any	
  parCcular	
  path	
  	
  

	
  
	
  
	
  
	
  
	
   	
  Stable	
  states	
  A	
  and	
  B	
  are	
  stable	
  	
  
	
   	
  and	
  self-­‐sustaining	
  

	
  
	
   	
  Small	
  perturba0ons	
  strengthen	
  
	
   	
  the	
  resilience	
  of	
  the	
  state	
  

	
  
	
  

	
   	
  Stevens	
  and	
  Feingold,	
  2009	
  

buffer	
  

Airactors	
  

A	
  

B	
  

Lorenz,	
  1954	
  



Near-­‐surface	
  verCcal	
  velocity	
  	
  

Red:	
  UpdraXs/surface	
  convergence	
  

Blue:	
  DowndraXs/surface	
  divergence	
  

Black	
  contours:	
  Drizzle	
  

Clean:	
  65	
  cm-­‐3	
   Polluted:	
  500	
  cm-­‐3	
  Moderate:	
  150	
  cm-­‐3	
  

Precipitation and convergence patterns 

DYCOMS-­‐II	
  
Model	
  simulaCons	
  

Wang	
  and	
  Feingold	
  (2009a)	
  



Agee,	
  1984;	
  Gemini	
  V	
  image	
  See	
  also	
  Willis	
  and	
  Deardorff	
  1979	
  



200-­‐m	
  verCcal	
  velocity	
  from	
  	
  
t	
  =	
  6:15	
  to	
  9:15	
  

Cells	
  compete	
  or	
  cooperate	
  while	
  
interac0ng	
  with	
  their	
  shared	
  physical	
  
environment	
  

Global Order from Local Interactions 

Red:	
  UpdraXs	
  
Blue:	
  DowndraXs/precipitaCon	
  

Y-­‐shaped	
  surface	
  convergence	
  zone	
  
is	
  region	
  favoured	
  for	
  new	
  convecCon	
  
	
  
PrecipitaCon	
  is	
  iniCated	
  
	
  
DowndraXs,	
  opening	
  of	
  cell	
  
	
  
Surface	
  divergence	
  
	
  



Feingold,	
  Koren,	
  Wang,	
  Xue,	
  Brewer	
  	
  (2010)	
  

Open Cells: Surface updrafts 

Red:	
  UpdraXs	
  
Blue:	
  DowndraXs/precipitaCon	
  

Y-­‐shaped	
  surface	
  convergence	
  zone	
  
is	
  region	
  favored	
  for	
  new	
  convecCon	
  
	
  
PrecipitaCon	
  is	
  iniCated	
  
	
  
DowndraXs,	
  opening	
  of	
  cell	
  
	
  
Surface	
  divergence	
  
	
  

Y-­‐convergence	
  



Feingold,	
  Koren,	
  Wang,	
  Xue,	
  Brewer	
  	
  (2010)	
  

Open Cells: Surface updrafts 

Red:	
  UpdraXs	
  
Blue:	
  DowndraXs/precipitaCon	
  

Y-­‐shaped	
  surface	
  convergence	
  zone	
  
is	
  region	
  favored	
  for	
  new	
  convecCon	
  
	
  
PrecipitaCon	
  is	
  iniCated	
  
	
  
DowndraXs,	
  opening	
  of	
  cell	
  
	
  
Surface	
  divergence	
  
	
  

Divergence	
  



Synchronization: OscillaCons	
  in	
  PrecipitaCon	
  

Feingold,	
  Koren,	
  Wang,	
  Xue,	
  Brewer	
  	
  (2010)	
  

Colored	
  contours:	
  rain	
  

Contours:	
  updraX	
  

Hovmuller	
  diagram	
  
	
  
Shif	
  in	
  rain	
  “grid”	
  

3	
  cases:	
  
DYCOMS	
  
ATEX	
  
VOCALS	
  



Synchronization 

Feingold,	
  Koren,	
  Wang,	
  Xue,	
  Brewer	
  	
  (2010)	
  



How important is the Aerosol? 



Stability of  the open-cell state: Role of  Aerosol 

Local	
  Cme,	
  h	
  	
  

No	
  aerosol	
  source	
  
runaway	
  (un-­‐buffered)	
  
reducCon	
  in	
  drop	
  concentraCon	
  
à	
  Collapse	
  of	
  cloud	
  06	
   12	
   18	
   00	
   06	
   00	
  

Wang	
  et	
  al.	
  2010	
  ACP	
  

VOCALS	
  October	
  28th	
  

	
  	
  L
W
P,
	
  g
	
  m

-­‐2
	
  

See	
  also	
  Ackerman	
  et	
  al.	
  (1993)	
  
Kazil	
  et	
  al.	
  ACPD	
  (2011)	
  

	
  Natural	
  aerosol	
  sources:	
  
	
  -­‐	
  NucleaCon	
  of	
  new	
  parCcles	
  
	
  -­‐	
  Surface	
  (wind-­‐driven)	
  producCon	
  

	
  



Pockets	
  of	
  open	
  cells:	
  
Scavenging	
  of	
  	
  
accumulaCon	
  mode;	
  
	
  
New	
  parCcle	
  formaCon	
  
(from	
  gasphase)	
  

Pa
rC
cl
e	
  
di
am

et
er
,	
  µ

m
	
  

Day	
  in	
  November	
  2003	
  

AccumulaCon	
  mode	
  number	
  conc	
  

New Particle Formation in the  
Clean Marine Boundary Layer 

Tomlinson	
  et	
  al.	
  2007	
  



PrecipitaCon,	
  mm	
  

Liquid	
  water	
  path	
  

Influence of  Giant CCN on precipitation in Stratocumulus 

-­‐  Significant	
  increase	
  in	
  precip	
  due	
  to	
  ~1/litre	
  Giant	
  CCN	
  
-­‐  More	
  parCcles	
  does	
  not	
  always	
  mean	
  smaller	
  drops	
  

Feingold	
  et	
  al.	
  1999	
  

(1/litre)	
  



Drop	
  size	
  

Cloud	
  Albedo	
  

Drop	
  Number	
  

No	
  giant	
  CCN	
  

With	
  Giant	
  CCN	
  

Significant	
  reduc0on	
  in	
  cloud	
  albedo	
  
due	
  to	
  ~1/litre	
  Giant	
  CCN	
  

Influence of  Giant Nuclei on µphysics and Cloud Albedo 

No	
  giant	
  CCN	
  

Feingold	
  et	
  al.	
  1999	
  



-­‐ 	
  Mesoscale	
  circula0on	
  transverse	
  to	
  track	
  	
  
-­‐ 	
  Strengthens	
  LWP	
  in	
  track	
  
-­‐	
  Clearing	
  on	
  either	
  side	
  of	
  track	
  	
  

Strong aerosol source: shiptrack 

65	
  cm-­‐3	
   150	
  cm-­‐3	
  

Contours:	
  rain	
  
Shading:	
  ship	
  parCcles	
  

Wang	
  and	
  Feingold,	
  2009b	
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Credit	
  :	
  
Jeff	
  Schmaltz	
  	
  
NASA/GSFC	
  

Unpredictable!	
  
ship	
  track	
  

The Shiptrack Shadow 



W.	
  Porch	
  et	
  al.	
  Apollo-­‐Soyuz,	
  July	
  1975	
  

Clearing on either side of  shiptracks 

Ship	
  track	
  

Wang	
  and	
  Feingold,	
  2009b	
  

shiptrack	
  



Polluted	
  case	
  
	
  
Clean	
  case	
  
with	
  massive	
  	
  
aerosol	
  	
  
perturbaCon	
  	
  
(65	
  à	
  300	
  cm-­‐3)	
  

Massive aerosol source: 
Self	
  organising	
  systems	
  are	
  resilient	
  to	
  change	
  

-­‐	
  a	
  certain	
  amount	
  of	
  random	
  perturba0on	
  will	
  facilitate	
  rather	
  	
  
	
  	
  than	
  hinder	
  self-­‐organiza0on	
  
-­‐	
  possible	
  implica0ons	
  for	
  geoengineering	
  

-­‐ Thin	
  “anvil	
  cloud”	
  lacks	
  
	
  	
  dynamical	
  support	
  
-­‐	
  Cells	
  remain	
  open	
  

A	
  
B	
  

Wang	
  and	
  Feingold,	
  2009b	
  

Massive	
  aerosol	
  perturbaCon	
  

Stevens	
  and	
  Feingold	
  2009	
  



Main Themes/Conclusions 

•  Aerosol-­‐Cloud	
  InteracCons	
  are	
  seldom	
  simple;	
  
–  	
  even	
  shiptracks	
  are	
  complex	
  
	
  

•  Aerosol-­‐Cloud-­‐PrecipitaCon	
  System	
  is	
  oXen	
  self-­‐organizing	
  or	
  
buffered	
  

–  IdenCfying	
  Cmes	
  when	
  it	
  is	
  not	
  would	
  appear	
  to	
  be	
  most	
  frui{ul	
  
–  Aerosol	
  influences	
  may	
  trigger	
  changes	
  in	
  self-­‐organizaCon	
  that	
  
are	
  much	
  more	
  complex/interesCng	
  than	
  the	
  original	
  
microphysical	
  perturbaCon	
  

•  Geoengineering	
  ship	
  track	
  experiments	
  may	
  yield	
  unintended	
  
consequences	
  
–  Ship	
  track	
  “shadows”	
  due	
  to	
  mesoscale	
  circulaCons	
  




