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Two general challenges

(a) to exert globally relevant radiative forcing, 
anthropogenic aerosols must perturb cloud 
systems that are increasingly understood to be 
characterized by strong internal aerosol-cloud 
coupling and whose resilience to external 
perturbations is barely understood; 

(b) aerosol indirect forcing is nonlinear, 
spatiotemporally variable, and strongly dependent 
upon the poorly characterized aerosol state prior to 
human-induced perturbations; 



• Aerosols and cloud macrophysical properties are strongly coupled in Pockets of 
Open Cells (POCs):

• Drizzle strongly depletes aerosols and causes cloud morphological transitions in 
LES (Wang et al. 2011, Berner et al. 2011, 2013):

LES modeling based on VOCALS RF06 case: Berner et al., Atmos. Chem. Phys. (2014)
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CCN Budget for the MBL

Clarke et al (2006) wind-driven 
sea spray aerosol source

Wood (2006) precipitation 
coalescence sink

Wood et al (2012)
entrainment
(source or sink)

advection estimate 
independently

Steady State Budget

Mohrmann et al. 
(2017)



Predicted and observed Nd, SE Pacific (VOCALS)

• Model increase in Nd
toward coast is related to 
reduced drizzle and 
explains the majority of 
the observed increase

•Very close to the coast 
(<5o) an additional CCN 
source is required

•Even at the heart of the 
Sc sheet (80oW) 
coalescence scavenging 
halves the Nd

17.5-22.5oS

Wood et al. (J. Geophys. Res., 2012) Remote SE Pacific                                               Chilean coast

CloudSat precipitation rate



Coalescence scavenging reduces sensitivity of 
PBL CCN to aerosol perturbations

For remote MBL, anthropogenic aerosol are entrained from the FT
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𝑃𝑃𝑐𝑐𝑐𝑐 = 1 mm day-1 roughly halves aerosol sensitivity to FT aerosol



Microphysically-driven impacts on albedo are 
small compared with macrophysical changes

George and Wood (Atmos. Chem. Phys., 2010)

Relative contributions to synoptic cloud albedo (αcld) variance 
from condensate (LWP) and cloud droplet concentration (Nd)

LWP contribution Nd contribution

• Nd contribution to cloud albedo variability typically <25% (left)
….but overall contribution of Nd to albedo is <10% because cloud 
cover variability also important (right)

Overall relative contribution to albedo 
time variance from Nd



Covariance between cloud 
microphysical and 
macrophysical properties is the 
rule rather than the exception

LW
P

George and Wood (Atmos. Chem. Phys., 2010)

▼Fractional composite differences on strong-weak subtropical high (PC1)

▼First principal 
component of sea-level 

pressure (SLP)

Albedo correlated with Nd but driven mainly by cloud fraction



CloudSat: colors
Model: lines 

Increasing relative 
importance of LWP

over Nd at high 
rainrates

System resilience: 
Precipitation 

susceptibility to 
aerosol decreases as 

LWP increases

Wood et al. (2008), also Suzuki and Stephens (2008), Terai et al. 
(2012), Mann et al. (2015)



System resilience: cloud macrophysical
responses can overcome microphysical changes

Stevens and Seifert (J Met Soc. Japan, 2008)

• Stratocumulus: Condensate loss in 
shiptracks especially in deep PBLs 
(Coakley and Walsh 2002, Chen et al. 
2012) ▼

Effect likely related to increased entrainment caused by 
(a) TKE invigoration due to drizzle suppression; (b) 
reduced cloud drop sedimentation (Ackerman et al. 2004, 
Wood 2007, Bretherton et al. 2007) 

• Trade Cumulus: High Nc clouds deepen 
more rapidly and overcome microphysical 
precipitation suppression ▼

Nd=70 cm-3

Nd=30 cm-3



Cloud thickness changes in a mixed layer model
• Cloud base height (zCB) determines whether 2nd AIE 

cancels or enhances Twomey effect over wide 
range of phase space

• Cloud base height mainly determined by PBL depth 
(explains Chen et al. 2012 finding)

Wood (J. Atmos. Sci., 2007)

• Low cloud base: 
Precipitation 
suppression 
moistens PBL and 
clouds thicken

• Higher cloud base: 
Entrainment drying 
dominates and 
cloud thins



Forcing from aerosol-cloud interactions: 
Nonlinear and dependent upon uncertain 

preindustrial conditions
Combine Twomey’s expression for cloud optical thickness: 

𝜏𝜏 = 𝑘𝑘𝑁𝑁1/3𝐿𝐿2/3ℎ

with simple expression for albedo, 𝛼𝛼 ≈ 𝜏𝜏/(𝜏𝜏 + 7), to estimate the rate 
of change of albedo with N (termed the albedo susceptibility, Platnick
and Twomey 1994), to obtain:

𝑑𝑑𝛼𝛼
𝑑𝑑𝑁𝑁

=
𝛼𝛼(1 − 𝛼𝛼)

3𝑁𝑁

This form, although not in the original Twomey (1974,77) papers, is the 
most instructive way to visualize the key results:
• Clouds with low N are most susceptible to an increase in N
• Clouds with albedos ∼ 0.5 are more susceptible to increases in N

than clouds with either lower or higher albedo.



(a) Seasonal cycle;              
(b) contribution from 
natural, anthropogenic 
emissions and aerosol 
processes;                           
(c) uncertainty ranges from 
different perturbed 
parameters

• Volcanic and DMS produced 
SO2 are major natural sources 
of uncertainty

• Anthropogenic SO2 key anth. 
Source

Natural emissions contribute half of AIE 
uncertainty

Carslaw et al. (Nature, 2013), also Ghan et al. (J. Geophys. Res. 2013)



Pathways forward

• Focus on quantifying both source and sink terms 
influencing CCN budget of the boundary layer

• Focus on characterizing and understanding pristine 
environments as proxy for preindustrial

• Understand and account for meteorological and 
cloud macrophysical variability when attempting to 
identify/quantify aerosol impacts

• Study and understand meteorological impacts on cloud 
microphysics in conjunction with understanding impacts 
on PBL, cloud cover and macrostructure  



Observations “lead the way” in the study of 
aerosol-cloud interactions in warm low clouds

• Maintain cloud and aerosol observatories in 
the remote marine environment

• Maintain and develop capabilities to deploy 
long-range research aircraft and ships

• Develop satellite technology capable               
of probing the dynamic,                 
thermodynamic, cloud and aerosol  
properties in the boundary layer

DOE ARM Eastern North Atlantic site (Azores) NSF/NCAR HIAPER

A-Train satellite constellation

Australian R/V Investigator





Approach for isolating microphysical 
contributions to spatial albedo patterns in 
liquid clouds

Engström, A., F. A.-M. Bender, R. J. Charlson, and R. Wood. Geographically Coherent Patterns of Albedo 
Enhancement and Suppression Associated with Aerosol Sources and Sinks. Tellus B, 67, 
doi:10.3402/tellusb.v67.26442.

• Liquid clouds only
• Mean albedo (CERES SSF, 

Aqua) as a function of 
cloud fraction fc and LWP 
from instantaneous 
CERES-MODIS, at 1×1o

aggregation
• First isolate dominant 

contributions from fc and 
LWP

Solid contours: mean 
albedo (CERES, Aqua)
Colors: standard 
deviation of albedo



Approach for isolating microphysical contributions 
to spatial albedo patterns in liquid clouds

Engström, A., F. A.-M. Bender, R. J. Charlson, and R. Wood. Geographically Coherent Patterns of Albedo 
Enhancement and Suppression Associated with Aerosol Sources and Sinks. Tellus B, 67, 
doi:10.3402/tellusb.v67.26442.

• Plot pdf of instantaneous 
albedo deviations from mean 
for each point (bin) in fc-LWP 
space

• Keep track of how frequently 
each location in real space falls 
into high albedo (pink) and low 
albedo (blue) tails

• Then, make map of frequency 
with which each location has 
high or low albedo for given fc, 
LWP…… 

CERES uncertainties in TOA SW flux ∼15 W m-2



Map of frequency for which albedo is high (red) or 
low (blue) compared with mean for given fc, LWP 

Fraction of days for 
which the albedo 
perturbation is either 
above the 90th percentile 
(red positive values) and 
below the 10th percentile 
(blue negative values) 
aggregating all fc-LWP bins

• Patterns are geographically coherent, with 
some regions frequently showing relatively 
high or low albedo

• Contributions should be primarily from Nd



• Strong 
resemblance of 
high albedo 
regions to 
pattern of 
liquid cloud Nd
from MODIS 
[Grosvenor and Wood 
2014 correction to 
estimates from George 
and Wood 2010]

Albedo perturbations independent of fc, LWP

Microphysical 
contribution 
to albedo 
variability



Geographically coherent patterns of albedo perturbations 
not associated with variability in fc and LWP

Annual mean TOA shortwave/albedo perturbation (fixed fc,LWP albedo pdf anomalies mapped back 
to geographical space) from CERES that is independent of fc and LWP. Bar shows albedo units and 
equivalent reflected TOA SW flux. Hatched areas are regions with insufficient amounts of data. 

TOA SW flux pert. ►

Albedo perturbation ►

Regional variations of ± several W m-2 and up to ± 10 W m-2



Two general challenges

(a) to exert globally relevant radiative forcing, 
anthropogenic aerosols must perturb cloud 
systems that are increasingly understood to be 
characterized by strong internal aerosol-cloud 
coupling and whose resilience to external 
perturbations is barely understood; 

(b) aerosol indirect forcing is nonlinear, 
spatiotemporally variable, and strongly dependent 
upon the poorly characterized aerosol state prior to 
human-induced perturbations; 
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