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Warm	
  cloud	
  responses	
  to	
  aerosols	
  
•  Microphysical,	
  structural,	
  and	
  dynamical	
  proper=es	
  of	
  
low,	
  liquid-­‐phase	
  clouds	
  show	
  sensi=vity	
  to	
  aerosol	
  
loading,	
  but	
  the	
  responses	
  are	
  not	
  uniform	
  

•  Increase	
  in	
  aerosol	
  concentra=on	
  increases	
  cloud	
  
droplet	
  concentra=on	
  
–  droplet	
  size	
  response	
  may	
  depend	
  on	
  LWP	
  response	
  

•  The	
  magnitude	
  and	
  even	
  the	
  sign	
  of	
  the	
  response	
  of	
  
various	
  cloud-­‐field	
  characteris=cs	
  (depth,	
  liquid	
  water	
  
path,	
  cloud	
  frac=on)	
  appear	
  to	
  depend	
  upon	
  	
  
–  cloud	
  type	
  and	
  meteorological	
  regime	
  	
  
–  Precipita=on	
  
–  cloud	
  field	
  organiza=on	
  (itself	
  a	
  func=on	
  of	
  precipita=on)	
  
–  aerosol	
  loading	
  in	
  the	
  unperturbed	
  clouds	
  





A	
  formalism	
  

•  The	
  response	
  of	
  albedo	
  !  to	
  a	
  perturba=on	
  in	
  
some	
  aerosol	
  property	
  (N,	
  nominally	
  CCN	
  
concentra=on)	
  can	
  be	
  wriKen	
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Wx	
  =	
  meteorology	
  



Twomey	
  
•  Twomey	
  responses	
  (at	
  fixed	
  LWP)	
  are	
  most	
  
simple	
  to	
  understand	
  
– But	
  is	
  it	
  an	
  ac=va=on	
  problem	
  or	
  the	
  net	
  effect	
  of	
  
all	
  microphysical	
  processes	
  (at	
  constant	
  LWP)?	
  

•  A	
  diverse	
  response	
  of	
  albedo	
  dependent	
  upon	
  	
  
– cloud	
  albedo	
  (suscep=bility	
  maximum	
  at	
  α=0.5)	
  
– Nd	
  before	
  perturba=on	
  
– aerosol/dynamical	
  proper=es	
  affec=ng	
  ac=va=on	
  
– spa=al	
  scales	
  of	
  aerosol	
  and	
  cloud	
  variability	
  
– etc..	
  
	
  

	
  



Satellite	
  remote-­‐sensing	
  

Cri$cal	
  to	
  sort	
  data	
  	
  
by	
  liquid	
  water	
  (Twomey)	
  
	
  
Slope	
  determined	
  by:	
  	
  
	
  	
  aerosol	
  number	
  conc.,	
  	
  
	
  	
  size/composi6on,	
  	
  
	
  	
  cloud	
  turbulence,	
  etc.	
  

Aerosol	
  ex=nc=on,	
  km-­‐1	
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Surface	
  remote-­‐sensing	
  

Aerosol	
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Measurements	
  of	
  Aerosol-­‐Cloud	
  Interac2ons	
  

Define	
  slopes	
  as	
  ACI:	
  
Aerosol-­‐Cloud-­‐Interac=ons	
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Beyond	
  Twomey	
  
•  All	
  else	
  is	
  not	
  equal……..	
  



How	
  does	
  precipita2on	
  respond	
  to	
  
aerosol	
  perturba2ons?	
  

•  Aerosol	
  suppresses	
  collision-­‐coalescence	
  but	
  
dynamical	
  responses	
  may	
  counter	
  	
  
–  e.g.	
  the	
  clouds	
  deepen	
  allowing	
  more	
  precip	
  

•  What	
  are	
  the	
  appropriate	
  =mescales?	
  
–  Aerosol	
  perturba=ons	
  =mescales	
  vs.	
  adjustment	
  
=mescales	
  

•  Do	
  albedo	
  and	
  “life=me”	
  effects	
  work	
  in	
  unison?	
  
•  Precipita=on	
  suscep=bility	
  –dlnR/dlnN	
  as	
  a	
  
means	
  of	
  quan=fying	
  aerosol	
  influence	
  on	
  
precipita=on	
  



Marine	
  stratocumulus:	
  LES	
  results	
  

Cloud droplet concentration [cm-3] 

LWP [g m-2] 
 
 
 
 
 
P0 [mm d-1] 
 
 
we [cm s-1] 

•  Impact	
  of	
  aerosols	
  
simulated	
  by	
  varying	
  Nd	
  

•  Increased	
  Nd	
  ⇒	
  Reduced	
  
precipita=on	
  ⇒	
  increased	
  
TKE	
  ⇒	
  increased	
  
entrainment	
  we	
  

•  Changes	
  in	
  we	
  can	
  
some=mes	
  result	
  in	
  cloud	
  
thinning	
  (reduced	
  LWP)	
  

•  Also	
  noted	
  by	
  Jiang	
  et	
  al.	
  
(2002)	
  

Ackerman et al. (2004) 
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AIEs	
  may	
  reverse	
  in	
  sign	
  

Cloud thinning 

2nd AIE amplifies 1st AIE 

2nd AIE counters 1st AIE 
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Influence	
  on	
  cloud	
  op2cal	
  depth	
  

3 3 3

  optical depth   optical depth 

      Time (hr)       Time (hr) 

High-aerosol (H) run High-aerosol (H) run 
Control (C) run Control (C) run 

4
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0
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Only about 75% of the Twomey increase in albedo is realized 
because of horizontal and vertical spatial variability in  
microphysical properties 
 
i.e., 3/4 x (Nd,H /Nd,C )1/3 

LWP ~ constant 

Clean (50 cm-3) 
Polluted (250 cm-3) 



Resilience,	
  buffering	
  and	
  mul2ple	
  
2mescales	
  

•  To	
  what	
  extent	
  are	
  aerosol	
  perturba=ons	
  “absorbed”	
  
by	
  the	
  cloud	
  system?	
  (“buffering”)	
  
– Feedbacks	
  via	
  precipita=on,	
  evapora=on,	
  
sedimenta=on	
  

– Aerosol	
  perturba=ons	
  imprint	
  cloud	
  
morphological	
  responses	
  (e.g.	
  depth,	
  frac=on,	
  
inversion	
  height)	
  

– How	
  do	
  these	
  compare	
  with	
  slower	
  =me	
  scale	
  
drivers?	
  

– How	
  stable	
  is	
  the	
  aerosol-­‐cloud	
  system?	
  
	
  



Aerosol	
  effects	
  on	
  cloud	
  dynamics	
  

ç	
  More	
  CCN	
  ⇒	
  higher	
  condensa=on	
  ⇒	
  stronger	
  w	
  
Kogan	
  and	
  Mar=n	
  (1994)	
  

é	
  	
  	
  	
  	
  Smaller	
  droplets	
  ⇒	
  slower	
  
sedimenta=on	
  ⇒	
  more	
  evapora=ve	
  
cooling	
  at	
  inversion	
  ⇒	
  more	
  
entrainment	
  ⇒	
  drier	
  PBL	
  with	
  less	
  
LWP	
  
(Bretherton	
  et	
  al.	
  2007)	
  
	
  



Resilience	
  and	
  dynamical	
  systems	
  
•  In	
  the	
  beginning…. 	
  	
  

–  We	
  saw	
  the	
  world	
  in	
  terms	
  of	
  1st,	
  2nd,	
  nth	
  indirect	
  effects	
  

–  Clouds	
  tended	
  to	
  be	
  thought	
  of	
  in	
  a	
  box	
  

•  Time	
  to	
  shik	
  focus	
  from	
  individual	
  microphysical	
  
processes	
  to	
  a	
  dynamical	
  system	
  view	
  of	
  myriad	
  
interac=ng	
  dynamical/microphysical	
  components	
  
–  Systems	
  are	
  oken	
  characterized	
  by	
  self	
  organiza=on	
  

–  Self-­‐organizing	
  systems	
  are	
  resilient	
  and	
  even	
  benefit	
  from	
  
small	
  perturba=ons	
  (aerosol	
  and	
  other)	
  



Aerosol-­‐driven	
  shiJs	
  in	
  organiza2on	
  

•  POCs	
  and	
  other	
  closed	
  to	
  open	
  cell	
  transi=ons	
  
–  Collapsed	
  boundary	
  layers,	
  ultraclean,	
  highly	
  
sensi=ve	
  to	
  aerosol	
  (e.g.	
  shiptracks)	
  

–  But	
  not	
  all	
  open	
  cells	
  are	
  necessarily	
  aerosol-­‐
sensi=ve….	
  

	
  



Distinct closing of open cells  
by ship tracks 

MODIS image courtesy NASA 

Thin	
  “anvil	
  cloud” but	
  
cells	
  remain	
  open	
  

Massive	
  aerosol	
  perturba=on	
  

Wang and Feingold 2009 
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Collapsed	
  boundary	
  layer	
  at	
  the	
  Azores	
  



Ac2on	
  plan	
  
Beyond	
  aerosol	
  indirect	
  effects?	
  

•  Consider	
  the	
  aerosol-­‐cloud	
  system	
  as	
  a	
  whole	
  with	
  
the	
  following	
  key	
  proper=es	
  
–  Dynamically	
  evolving	
  
–  Aerosols	
  are	
  an	
  integral	
  component	
  and	
  a	
  “dynamic”	
  
variable	
  (cloud	
  effects	
  on	
  aerosols,	
  aerosol	
  effects	
  on	
  
clouds)	
  

–  Aerosols	
  are	
  more	
  relevant	
  to	
  some	
  systems	
  than	
  to	
  
others	
  



Ac2on	
  plan	
  

Guiding	
  subques2ons:	
  
•  What	
  factors	
  control	
  the	
  suscep=bility	
  of	
  warm	
  rain	
  to	
  aerosol	
  

perturba=ons?	
  

•  Why	
  do	
  different	
  approaches	
  to	
  quan=fying	
  the	
  Twomey	
  effect	
  
yield	
  such	
  diverse	
  es=mates?	
  

•  How	
  do	
  aerosol	
  perturba=ons	
  change	
  the	
  dynamics	
  of	
  marine	
  and	
  
con=nental	
  low	
  clouds?	
  

•  How	
  sensi=ve	
  are	
  cloud	
  transi=ons	
  to	
  aerosol	
  perturba=ons?	
  

•  Can	
  we	
  move	
  beyond	
  the	
  aerosol-­‐cloud	
  microphysical	
  component	
  
of	
  the	
  Twomey	
  effect	
  and	
  make	
  progress	
  on	
  the	
  radia=ve	
  forcing	
  
aspect?	
  
	
  

What	
  processes	
  control	
  diversity	
  in	
  the	
  sensi2vity	
  of	
  warm	
  low	
  
clouds	
  to	
  aerosol	
  perturba2ons?	
  



1.	
  What	
  factors	
  control	
  the	
  suscep2bility	
  of	
  warm	
  rain	
  
to	
  aerosol	
  perturba2ons?	
  

Example	
  2:	
  	
  
Marine	
  Stratocumulus	
  (VOCALS,	
  

aircrak	
  data)	
  

Terai	
  et	
  al.	
  [Atmos.	
  Chem.	
  Phys.	
  2012]	
  Sorooshian	
  et	
  al.	
  (GRL,	
  2009)	
  

Example	
  1:	
  	
  
Parcel	
  and	
  LES	
  models	
  



•  Ideas	
  for	
  moving	
  forward:	
  
– Es=mate	
  precipita=on	
  suscep=bility	
  metrics	
  for	
  
exis=ng	
  ARM	
  low	
  cloud	
  datasets	
  (e.g.	
  Azores,	
  
MASRAD,	
  MAGIC)	
  

– Use	
  high	
  resolu=on	
  and	
  simple	
  process	
  models	
  to	
  
explore	
  key	
  controlling	
  factors	
  and	
  aKempt	
  to	
  
composite	
  observa=ons	
  using	
  these	
  factors	
  

•  Data	
  needs:	
  
–  Improved	
  quan=fica=on	
  of	
  light	
  drizzle,	
  cloud	
  
liquid	
  water	
  path,	
  microphysical	
  retrievals,	
  CCN	
  
measurements	
  

1.	
  What	
  factors	
  control	
  the	
  suscep2bility	
  of	
  warm	
  rain	
  
to	
  aerosol	
  perturba2ons?	
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Table 1. References used in Fig 1b. All studies address low or liquid clouds.

method/ parameters ACIτ resolution temporal L∗
instrument used averaging

Ground

Feingold et al. (2003) RS (remote sensing) 0.10 20 s yes
Garrett et al. (2004) RS+in situ 0.15 30 min yes
Kim et al. (2008) RS+in situ 0.15 5 min yes
Lihavainen et al. (2008) in situ 0.24 1 h yes
McComiskey et al. (2009) RS+in situ 0.16 20 s yes

Airborne

Twohy et al. (2005) in situ 0.27 10–60 min
Raga and Jonas (1993) in situ 0.09 NA no
Martin et al. (1994) in situ 0.25 30 km
Gultepe et al. (1996) in situ 0.22 ∼ 12 km yes
O’Dowd et al. (1999) in situ 0.20
McFarquhar and Heymsfield (2001) in situ 0.11
Ramanathan (2001) in situ 0.21–0.33
Lu et al. (2007) in situ 0.19 30 km
Lu et al. (2008) in situ 0.14 leg means

Satellite

Nakajima et al. (2001) AVHRR Nd; Na 0.17 0.5◦ 4 months
Bulgin et al. (2008) ASTER-2 re; τa 0.10–0.16 (0.13) 1◦ seasonal/3 months no
Kaufman et al. (2005) MODIS re; AI 0.046–0.174 (0.0975) 1◦ simultaneous/daily no
Sekiguchi et al. (2003) AVHRR re; Na 0.1 2.5◦ daily no
Lebsock et al. (2008) MODIS re; AI 0.07 1 km to 1◦ simultaneous no
Sekiguchi et al. (2003) POLDER re; Na 0.07 (ocean) 2.5◦ monthly no
Quaas et al. (2006) MODIS Nd; τa 0.04 3.75◦×2.5◦ daily
Quaas et al. (2004) POLDER re; AI 0.04 (ocean)/0.012(land) 3.75◦×2.5◦ simultaneous no

Satellite + Model

Breon et al. (2002) POLDER + back trajectories re; τa, AI 0.085 (ocean)/0.04 (land) 150 km 3 months no
Chameides et al. (2002) ISCCP + CTM τc; τa 0.17 (all)/0.14 (low cloud) 280 km annual no

∗ L-constraint used in calculation of ACI.

by α. Similarly, various proxies have been used to repre-
sent the cloud response to the change in aerosol, e.g., cloud
optical depth τc, cloud drop number concentration Nd, and
re. Using data for which the analysis scale closely matched
the process scale, McComiskey et al. (2009) showed empir-
ically that there is consistency amongst calculations of ACI
using different microphysical proxies, provided the appropri-
ate constraint on cloud liquid water path L is applied. Thus,

ACIτ = ∂ lnτc
∂ lnα

����
L

0<ACIτ < 0.33 (1a)

ACIr= − ∂ lnre
∂ lnα

����
L

0<ACIr< 0.33 (1b)

ACIN= d lnNd
d lnα

0<ACIN< 1 (1c)

ACIτ = −ACIr=
1
3
ACIN. (1d)

Figure 1b presents a representative selection of ACIτ val-
ues (0≤ACI≤ 0.33) from the literature originating from a

Fig. 1. (a) Radiative forcing estimates by each IPCC model and
the overall IPCC radiative forcing estimate in comparison to an ob-
servational estimate for the cloud albedo effect resulting from the
values in 1b. (b) Values from the literature quantifying the albedo
effect using some variant of Eq. (1), expressed here as ACIτ , and
plotted as a function of scale (resolution) of the study. Closed sym-
bols are those that calculate the original variant of ACI with con-
straint on cloud water and open symbols are those that ignore the
constraint on cloud water.
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range of observational platforms. Closed symbols denote
studies where calculations were constrained by L and open
symbols denote studies for which this constraint was ignored.
It is clear that quantification of the albedo effect is sensitive
to scale and the constraint on L. The studies that occupy
the coarsest resolutions on this plot were intentionally un-
dertaken at resolutions that are comparable to GCM grid cell
sizes in order to produce evaluation datasets or empirical pa-
rameterizations for those models. The association between
weak radiative forcing and these coarse-scale parameteriza-
tions as opposed to stronger radiative forcing from both mi-
crophysical scale observations and model schemes becomes
evident.
Published ACI values span almost the entire physically

meaningful range from 0 to 0.33 (see Table 1). Data types
used as input to these calculations range from those in which
the process and analysis scales are closely matched to those
in which the analysis scales are highly aggregated relative to
the process scale. This begs the question: to what extent are
these values meaningful, and how might they be applied in
GCMs?
Observational estimates of forcing have been omitted in

the overall radiative forcing estimate of the albedo effect in
the IPCC AR4, so we perform rough calculations based on
ACI values drawn from the literature. At the right of Fig. 1a,
the overall IPCC radiative forcing (grey bar with range) is
compared to a rough, 1-D (plane-parallel) calculation of what
the range of forcing for the observations in Fig. 1b would be,
following radiative transfer calculations in McComiskey and
Feingold (2008). The calculations assume a factor of 3 in-
crease in cloud condensation nucleus concentrations NCCN
(from 100 cm−3 to 300 cm−3) and a global average liquid
water cloud cover of 25% with mean L = 125 gm−2. ACI
is varied over nearly the entire range of observed values
from Fig. 1b. The result is a range in forcing from −0.2
to −3.9Wm−2, much larger than the range estimated from
GCMs. Figure 2 shows the variability in forcing as a func-
tion of ACI for various L and CCN perturbations for 1-D
or plane-parallel conditions (100% cloud cover). While this
is a rudimentary estimate of the range of radiative forcing
from observations with broad assumptions, it illustrates that
observationally-based radiative forcing estimates of this kind
are too variable to be useful in global observational analyses
or model parameterizations.
If uncertainties in radiative forcing of aerosol indirect ef-

fects are to be reduced, it is necessary to understand what
drives the scale biases seen in Fig. 1, both in how they re-
late to quantifying the albedo effect, and also in how they
may reflect on analyses of all indirect effects including, for
example, the impact of aerosol on cloud cover and L. In the
following sections, we attempt to define the factors contribut-
ing to these biases and provide some potential solutions that
allow for a useable observationally-based estimate.

Fig. 2. The amount of forcing as ACIτ varies across the observed
range in Fig. 1b.Values for forcing are given for the difference of
four different NCCN concentrations from NCCN = 100 cm−3 and
the shaded envelopes represent the range of forcing for each of these
concentrations for a range of L from 50–200 gm−2.

2.2 Scale and statistics

The concept of ecological fallacy gained much attention
when Robinson (1950) illustrated that inferring characteris-
tics of relationships among individuals from area-aggregated
units did not produce reliable results. Since then, the dif-
ficulty in producing reliable statistics from aggregated areal
data has been a subject of much concern in fields such as
ecology and geography. We will borrow from the field of ge-
ography, where the Modifiable Areal Unit Problem (MAUP)
(Openshaw, 1984) has been used to describe the effect of
level of aggregation (the scale problem) on uni- and multi-
variate statistics.
It has long been understood that aggregation of data causes

biases and error in statistical inferences through its smooth-
ing effect on the data. Signals that occur at scales smaller
than the analysis scale will be lost at coarser resolutions. This
effect can be visualized very simply using the examples in
Fig. 3. The top row (a) provides a simple and contrived ex-
ample (from Jelinski andWu, 1996) for which the variance s2

goes to zero with increased aggregation. The bottom row (b)
presents randomly generated numbers between 0 and 1 for
which the variance is substantially diminished with aggrega-
tion. Note that for aggregation that involves direct averaging
of adjacent cells on a regular grid, the mean µ is unaffected.
The ensuing effects of aggregation by averaging and loss

of variance on common calculations of statistics such as the
correlation coefficient and regression coefficients, as used in
the quantification of aerosol-cloud interactions, are relatively
well understood; however, these effects are rarely discussed
when inference is made from analyses of ACI at varying
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2.	
  Why	
  do	
  different	
  approaches	
  to	
  quan2fying	
  the	
  
Twomey	
  effect	
  yield	
  such	
  diverse	
  es2mates?	
  

•  ACI	
  is	
  scale	
  dependent.	
  Constant	
  LWP	
  maKers!	
  	
  
•  Averaging	
  method	
  maKers!	
  	
  



•  Ideas	
  for	
  moving	
  forward:	
  
– Determine	
  ACI	
  metrics	
  across	
  ARM	
  low	
  cloud	
  
datasets	
  

– Systema=cally	
  examine	
  how	
  ACI	
  changes	
  with	
  cloud	
  
dynamics,	
  aerosol	
  loading,	
  spa=otemporal	
  scale	
  

•  Data	
  needs:	
  
– Robust	
  cloud	
  microphysical	
  retrievals	
  (re,	
  Nd),	
  	
  LWP
(especially	
  for	
  thinner	
  clouds);	
  ver=cal	
  velocity	
  
measurements	
  

2.	
  Why	
  do	
  different	
  approaches	
  to	
  quan2fying	
  the	
  
Twomey	
  effect	
  yield	
  such	
  diverse	
  es2mates?	
  



BOMEX	
  	
  
(Jiang	
  et	
  al.	
  2006)	
  

3.	
  How	
  do	
  aerosol	
  perturba2ons	
  change	
  the	
  dynamics	
  
of	
  marine	
  and	
  con2nental	
  low	
  clouds?	
  

GoMACCS	
  
(Small	
  et	
  al.	
  2009)	
  

N
or
m
al
ize

d	
  
he

ig
ht
	
  	
  



Entrainment	
  vs	
  Twomey	
  

d ln!

d ln L homog
=
2

3
;

d ln!

d ln L inhomog
= 1

d ln!

d lnN L
=
1

3



•  Ideas	
  for	
  moving	
  forward:	
  
– Use	
  exis=ng	
  ARM	
  datasets	
  to	
  explore	
  rela=onships	
  
between	
  aerosols	
  and	
  cloud	
  dynamics	
  (updrak	
  
speed,	
  entrainment	
  rates)	
  

•  Data	
  needs	
  
– Cloud	
  dynamical	
  proper=es	
  (updrak	
  speed)	
  
– Entrainment	
  proper=es,	
  moisture	
  profiling	
  
	
  

3.	
  How	
  do	
  aerosol	
  perturba2ons	
  change	
  the	
  dynamics	
  
of	
  marine	
  and	
  con2nental	
  low	
  clouds?	
  

RACORO	
  	
  
(Vogelman	
  et	
  al.	
  

2012)	
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4.	
  How	
  sensi2ve	
  are	
  cloud	
  transi2ons	
  to	
  aerosol	
  
perturba2ons?	
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Relationships between cloud properties and the thermodynamic 
structure of the Arctic environment are di!cult to characterize 
owing to the remoteness and inaccessibility of the region. Cloud 
properties retrieved from ground-based radars, lidars and radiom-
eters, along with radiosonde thermodynamic pro"les, were used 
to generate the statistical datasets on which many of the ideas pre-
sented in this Review are based. Unfortunately, crucial properties, 
such as the cloud-top liquid water pro"le89 are poorly characterized 
owing to limitations of these observations.

Further insight into cloud microphysical properties has been 
gleaned from aircra# campaigns21,25,27,34. However, instruments 
$own during these campaigns carry large uncertainty when it 
comes to the counting and sizing of particles21,23,56. Ice nucleus 
concentrations and details of active freezing mechanisms are per-
haps the greatest source of uncertainty. Laboratory experiments 
on ice nucleation90,91 that explore links between aerosol composi-
tion and cloud-droplet freezing are sorely needed.

Despite the system complexity and observational limitations, 
there is evidence for the existence of two distinct, persistent Arctic 
states corresponding to radiatively clear and opaquely cloudy 
mixed-phase conditions (Fig. 4). &e speci"c meteorological con-
ditions that favour each state are uncertain. However, parameters 
related to synoptic-scale circulation — such as large-scale vertical 
velocity (or subsidence), and heat and moisture transport — are 
likely to be important. Relating these two states to the large-scale 
Arctic environment has proved challenging82, possibly owing to 
interactions between fast processes associated with local interac-
tions, and slow processes associated with the wider meteorological 
environment. Large di'erences in the heat and moisture $uxes over 
the open ocean and sea ice may also play a role in selecting these 
states. For example, negative correlations between cloud and sea-
ice coverage in satellite observations support the idea that increased 
surface heat and moisture $uxes during ice-free periods result in 
increased cloud cover92.

State selection is further complicated by potential feedbacks 
between the large-scale environment, surface and clouds. For 
example, cloud-induced changes in surface properties such as sea-
ice extent12,93 can result in either a positive or negative feedback 
on cloud occurrence. Changes in upper-ocean heat content caused 

by changes in ice extent, and resultant changes in the absorption 
of solar radiation94, may further alter interactions between the 
surface and clouds. Additional feedbacks between clouds and the 
large-scale atmospheric circulation may result, for example, from 
changes in precipitation and subsequent impacts on atmospheric 
moisture content and radiative cooling95. Multiscale models that 
address interactions on scales of hundreds of kilometres down to 
tens of metres48, together with detailed statistical analyses of the 
relationship between the two states, the large-scale environment 
and the surface, are likely to be of great value in quantifying the 
importance of these various interactions.

Outlook
It has proved challenging to correctly simulate Arctic mixed-
phase clouds in climate models. Misrepresentation of these clouds 
results in errors in surface and top-of-the-atmosphere radiation 
in model simulations, impacting surface and atmospheric energy 
budgets34,36,38. &is reduces con"dence in the ability of these mod-
els to predict future climate and changes in other components of 
the Arctic system. It is particularly important to simulate cloud 
occurrence accurately in assessments of Arctic climate, given the 
signi"cant di'erence in net surface radiation between the radia-
tively clear and opaquely cloudy mixed-phase states. For example, 
net longwave radiation di'ers by roughly 30–40 W m−2 between 
these two states, based on the SHEBA dataset shown in Fig.  4. 
&us, only a 5% shi# in the frequency of occurrence from the radi-
atively clear state to the opaquely cloudy mixed-phase state would 
result in an overall increase in net surface longwave radiation of 
about 1.5–2 W m−2, all else being equal. A shi# of this magnitude 
would in$uence the surface energy budget and probably reduce 
winter sea-ice thickness15. Furthermore, changes in the occurrence 
of mixed-phase clouds in summer could in$uence surface short-
wave radiation, thereby impacting sea-ice12 and permafrost96,97 

stability, freshwater runo' through rivers, and productivity and 
diversity in marine and terrestrial environments98,99. &ese exam-
ples reinforce the need for improved understanding of how the 
large-scale environment in$uences the mixed-phase cloud state, 
so that we can better understand the role of these clouds in a 
changing Arctic setting.
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Figure 4 | Preferred Arctic states evident from observations of net surface longwave radiation. a, A normalized joint probability density function (PDF) of 
longwave radiation and surface pressure is derived from hourly SHEBA measurements84 over the period from 1 November 1997 to 26 May 1998, excluding 
periods with clouds above three kilometres in altitude. The two preferred states82 correspond to PDF maxima indicated by A (radiatively clear) and B 
(opaquely cloudy). b, The PDF in the left panel superimposed with five di"erent time series of longwave radiation versus surface pressure over periods of 
one to five days (coloured lines) illustrates transition between the states. Triangles and squares indicate the start and end of the time series, repectively.
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•  Ideas	
  for	
  moving	
  forward:	
  
–  Iden=fy	
  cloud	
  organiza=onal	
  “states”	
  and	
  the	
  
transi=ons	
  between	
  them	
  

– How	
  different	
  are	
  aerosol	
  proper=es	
  within	
  states	
  
and	
  between	
  states	
  

•  Data	
  needs	
  
– Meteorological	
  controls	
  on	
  cloudiness	
  
– Microphysical	
  data	
  during	
  transi=ons	
  
	
  

4.	
  How	
  sensi2ve	
  are	
  cloud	
  transi2ons	
  to	
  aerosol	
  
perturba2ons?	
  



5.	
  Can	
  we	
  move	
  beyond	
  the	
  aerosol-­‐cloud	
  
microphysical	
  component	
  of	
  the	
  Twomey	
  effect	
  and	
  
make	
  progress	
  on	
  the	
  radia2ve	
  forcing	
  aspect?	
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•  Ideas	
  for	
  moving	
  forward:	
  
– Characterize	
  the	
  sta=s=cal	
  nature	
  of	
  the	
  radia=on	
  
of	
  cloud	
  fields	
  

•  Data	
  needs	
  
– Downward	
  irradiance	
  or	
  radiance	
  
– Surface	
  and/or	
  airborne	
  measurements	
  
	
  

5.	
  Can	
  we	
  move	
  beyond	
  the	
  aerosol-­‐cloud	
  microphysical	
  
component	
  of	
  the	
  Twomey	
  effect	
  and	
  make	
  progress	
  on	
  the	
  

radia2ve	
  forcing	
  aspect?	
  


