
7.4 Aerosol-cloud interactions



Progress since AR4

• Increased articulation of pathways through which the 
aerosol may affect the radiative properties of clouds

– e.g. invigoration effect in deep convective clouds

• Observational studies continue to document 
correlations between aerosols and clouds

• A greater scope of modeling is now being employed 
to tackle ACI

– Process modeling, regional chemistry-aerosol-climate 
models



Myriad aerosol-cloud-precipitation processes 

occurring within a gridbox (or not)

Fig 7.16



• Classification of Hypothesized Aerosol–Cloud Interactions
– “Given the number of possible aerosol–cloud interactions, and the difficulty of 

isolating them individually, there is little value in attempting to assess each effect in 
isolation, especially because modelling studies suggest that the effects may interact 
and compensate”

• Advances and Challenges in Observing Aerosol–Cloud Interactions
– “Satellite-based remote sensing continues to be the primary source of global data 

for aerosol–cloud interactions but concerns persist regarding how measurement 
artefacts affect retrievals of both aerosol and cloud properties”

– “correlations between the aerosol and cloud, or precipitation, should not be 
taken as generally indicating a cloud response to the aerosol”

• Advances and Challenges in Modelling Aerosol–Cloud Interactions
– “Modelling of aerosol–cloud interactions must contend with the fact that the key 

physical processes are fundamentally occurring at the fine scale and cannot be 
represented adequately based on large-scale fields. There exist two distinct 
challenges: fundamental understanding of processes and their representation in 
large-scale models.”

• Combined Modelling and Observational Approaches
– “Combined approaches, which attempt to maximize the respective advantage of 

models and observations, are beginning to add to understanding of aerosol–cloud 
interactions.”



Microphysical underpinnings

• Effect of aerosol on cloud droplet size and optical thickness 
(Twomey effect)
– Droplet size distribution shape also important (as Twomey said)

– Effects on longwave emissivity

• Observational evidence
– Aircraft show stronger ACI (change of droplet size or number 

concentration on aerosol properties) than do satellites

• Process level understanding
– Dynamical and macrophysical factors most important control on cloud 

optical thickness, with aerosol number concentration and size 
distribution less important, and composition less important still



Conceptual figure 
for aerosol-cloud 

interactions in 
AR5

AR5, FAQ, 7.2 Fig. 2



Conceptual figure 
for aerosol-cloud 

interactions in 
AR4

AR4, Fig 7.20



….and here’s one from an perspective piece following AR5
• Rosenfeld, D., S. Sherwood, R. Wood, and L. Donner, 2014: Climate Effects of Aerosol-Cloud 

Interactions.” Science, 343, 379–80. doi:10.1126/science.1247490.



Forcing associated with adjustments in liquid clouds

• Traditionally assessed as Twomey and ‘lifetime’ effects
– “However, this old nomenclature is misleading because it assumes a 

relationship between cloud lifetime and cloud amount or water 
content. Moreover, the effect of the aerosol on cloud amount may 
have nothing to do with cloud lifetime per se”

– Traditional assumption has been that lifetime effects augment 
Twomey effects in increasing cloud reflectivity

• Evidence for adjustments
– Stratocumulus: ship tracks, often condensate reduced, not increased; 

open-closed cells could represent aerosol-dependent multiple 
equilibria

– Trade-cumulus: “processes that favor precipitation development also 
favor cloud development”

• Advances in understanding
– Sensitivity of precipitation/autoconversion to changes in cloud droplet 

concentration important source of diversity in AIEs



Adjustments in cold clouds

• Physical basis
– Dust is an effective heterogeneous ice nucleus; jury out on black-

carbon but looking less likely than some studies may have suggested

– Nucleation of ice important for WBF process, which can remove liquid 
if ice formation sufficiently rapid

– Latent heating from ice formation may influence cloud dynamical 
processes

• Observations of ERFaci
– Deep convection: Observational studies are correlative

– Arctic ice/mixed-phase clouds: persistence of supercooled clouds; ice 
forms through the liquid phase, so removal by growing ice may act as a 
release valve preventing further ice and liquid dessication

• Understanding from models
– Homogeneous freezing mostly insensitive to aerosols, but 

heterogeneous IN may interfere



7.5 Radiative forcing and effective radius 
forcing by Anthropogenic Aerosols 



Terminology

• aci (aerosol-cloud interactions)

• ari (aerosol-radiation interactions)

• RFari (Radiative forcing associated with ari)
direct effect

• ERFari (Effective radiative forcing associated with ari
direct + semidirect (cloud adjustments)

• RFaci (Radiative forcing associated with aci)
albedo effect, does not allow cloud adjustments

• ERFaci (effective radiative forcing associated with aci
albedo + lifetime effects (cloud adjustments)



RFari



Rfari from different aerosol types

Fig 7.14



Effective radiative forcing

• Estimate of Effective Radiative Forcing from 
Combined Aerosol–Radiation and Aerosol–Cloud 
Interactions
– “Because of nonlinearities in forcings and rapid adjustments, the 

total effective forcing ERFari+aci does not necessarily equal the 
sum of the ERFari and ERFaci calculated separately. Moreover a 
strict separation is often difficult in either state of the art models 
or observations. Therefore we first assess ERFari+aci primarily 
on ERF rather than RF.”

• ERFari+aci is defined as the change in the net radiation at 
the TOA from pre-industrial to present day. 
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Issues with satellite estimates

• Hygroscopic growth of aerosols 
– More RH causes more extensive loud cover and more aerosol 

hygroscopic growth between clouds

• No preindustrial satellites
– Observation simulation experiments with climate models show 

that satellite metrics could underestimate ERFaci

“correlations between the aerosol and cloud, or precipitation, should 
not be taken as generally indicating a cloud response to the aerosol” 
(7.38)

……but this is exactly what is used in generating satellite 
estimates of ERFaci



Physical processes may buffer cloud 
responses to aerosols…..or not

• To buffer or not to buffer….

– Examples where cloud dynamical responses partly offset 
Twomey effect (some shiptracks, LES under some 
circumstances, mixed layer model)

– Other examples show cloud dynamical responses enhance 
the Twomey effect (other shiptracks, all GCMs [including 
the MMF cloud-permitting version] and regional climate 
models)


