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Lecture 26. 

Climate radiative forcing of gases, aerosols, and clouds. Part 2. 

Objectives: 

1. Direct and indirect radiative forcing of aerosols. 

 

Required reading:  

L02: 8.4.1-8.4.5, 8.6 

IPCC (2007), Chapter 2, pp. 153-171, 195-209 

http://www.ipcc.ch/ipccreports/ar4-wg1.htm 

Additional reading: 

Radiative Forcing of Climate Change: Expanding the Concept and Addressing 

Uncertainties, NRC, 2005. 

http://www.nap.edu/catalog.php?record_id=11175#description 

Yu et al., A review of measurement-based assessments of the aerosol direct radiative 

effect and forcing. Atmos. Chem. Phys., 6, 613-666, 2006.  

 

 

1. Direct and indirect radiative forcing of aerosols.  

Direct forcing is due to direct interactions of aerosol particles with radiation (via 

scattering and absorption, and emission); 

Indirect forcing via clouds: aerosols affect clouds => altered clouds change radiation  

 

NOTE:  Both IPCC 2001 and 2007 reports consider the indirect radiative forcing of 

aerosols via clouds (see Figure 26.1 below, same as Figure 25.4).  The IPCC 2007 report 

also includes the effect of the aerosol particle deposition on the surfaces (black carbon on 

snow), but there are other pathways (i.e., other mechanisms of the indirect radiative 

forcing of aerosols). For instance, indirect radiative impact of aerosols via radiative active 

gases: aerosol particles affect the abundance and lifetime of atmospheric gases leading to 

changes in radiative forcing of these gases (e.g., aerosol-induced changes in O3).  

 

 



 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26.1 IPCC(2001) (upper panel) and IPCC(2007) (lower panel) assessments of 

TOA radiative forcing (same as Figure 25.4). 
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According to the IPCC definition (see Eq.25.1), TOA direct radiative forcing of 

aerosols is defined as a difference between the net fluxes in ‘clean’ and perturbed 

atmospheric conditions. 

                                            )()( TOAFTOAFF
cleanaer

−=∆                          [26.1] 

where 

)(TOAF
aer

 is the net total (SW+LW) flux at the top of the atmosphere (or at the 

tropopause)  in the presence of aerosols; 

)(TOAF
clean

 is the net total flux at the top of the ‘clean’ atmosphere (i.e., a reference 

atmospheric condition). 

NOTE:  Similar to TOA radiative forcing, radiative forcing at the surface is defined a 

difference between the net fluxes in ‘clean’ and perturbed.  

 

Direct radiative forcing of aerosols can be expressed as  

                                                        LWFSWFF +=∆                                            [26.2] 

where SWF is the shortwave (solar) component of radiative forcing; 

LWF is the longwave (thermal IR) component of radiative forcing; 
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Assessment of radiative forcing of aerosols poses a number of challenges: 

� Complex chemical composition of aerosol particles: 

sulfates -> always negative forcing (leading to cooling); 

biomass burning (if OC is major constituents) -> negative  

carbonaceous (if BC is dominant) ->  positive 

mineral dust -> negative or positive ? 

multi-component (internally-mixed) aerosols -> negative or positive ? 
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� Hard to separate anthropogenic from natural (especially, in the case of biomass 

burning, mineral dust, and multi-component particles) 

� Radiative forcing of aerosols has the complex spatial distribution due to 

distribution of the sources of aerosols and their short life-time : 

 

Figure 26.2 Characteristic aerosol properties related to their radiative effects, derived as 

the mean of the results from the nine AeroCom GCMs. All panels except (b) relate to the 

combined anthropogenic aerosol effect. Panel (b) considers the total (natural plus 

anthropogenic) aerosol optical depth from the models. (a) Aerosol optical depth. (b) 
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Difference in total aerosol optical depth between model and MODIS data. (c) Shortwave 

RF. (d) Standard deviation of RF from the model results. (e) Shortwave forcing of the 

atmosphere. (f) Shortwave surface forcing.  

 

Large differences in assessments of aerosol direct RF between the GCMs 

 

Figure 26.3 Estimates of the direct aerosol RF from observationally based studies, 

independent modeling studies, and AeroCom project results with identical aerosol and 

aerosol precursor emissions. GISS_1 refers to a study employing an internal mixture of 

aerosol, and GISS_2 to a study employing an external mixture (IPCC, 2007).  
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Different types of indirect aerosol radiative forcing:  

• 1st Indirect Effect (Twomey Effect)   

– Decreased cloud droplet size                

– Increased cloud droplet concentrations 

  ==> brighter clouds 

• 2nd Indirect Effect (feedback?)                  

– Increased cloud lifetime and/or thickness 

   ==> suppression of drizzle 

• Semi-Direct Effect (feedback?)                   

– Cloud burning due to atmospheric heating 

 

Figure 26.4 Schematic diagram showing the different radiative mechanisms associated 

with cloud effects (modified from Haywood and Boucher, 2000). The small black dots 

represent aerosol particles; the larger open circles cloud droplets. Straight lines represent 

the incident and reflected solar radiation, and wavy lines represent terrestrial radiation. 

The filled white circles indicate cloud droplet number concentration (CDNC). The 

unperturbed cloud contains larger cloud drops as only natural aerosols are available as 

cloud condensation nuclei, while the perturbed cloud contains a greater number of 

smaller cloud drops as both natural and anthropogenic aerosols are available as cloud 

condensation nuclei (CCN). The vertical grey dashes represent rainfall, and LWC refers 

to the liquid water content (IPCC, 2007).  
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NOTE:  The IPCC reports consider only the cloud albedo indirect aerosol forcing (only 

water clouds).  

 

Figure 26.5 Aerosol indirect radiative forcing due to the cloud albedo effect, in the 

context of liquid water clouds, from the global climate models (see IPCC, 2007). Top 

panel: results for models that consider a limited number of species, primarily 

anthropogenic sulfates (S), (also sea salt (SS) and organic carbon (OC). Bottom panel: 

results from studies that include a variety of aerosol compositions and mixtures (S, SS, 

OC, black carbon (BC, dust (D) and nitrates (N); the estimates here cover a larger range 

than those in the top panel. 
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Summary of direct radiative impacts of atmospheric aerosols  

IMPACT IMPORTANCE 

Top of the atmosphere (TOA) radiative 

forcing (solar plus IR)  

affects energy balance of the Earth’s climate system  

Radiative forcing at the surface 

    (solar plus IR) 

affects surface temperature and surface-air exchange 

processes, ecosystem functioning  

Radiative heating/cooling of atmospheric 

layers (solar plus IR)  

affects temperature profile, cloud lifetime, and 

atmospheric dynamics thermodynamics 

Actinic flux  (UV)  affects photolysis rates and photochemistry (O3) 

NOTE: The magnitude of the impact depends on the type of aerosols as well as 

atmospheric and surface conditions.  

 

Global “dimming” paradigm: aerosol-induced reduction in downward surface solar 

radiation  

Example:  Trend (%/10YR) in global (direct+diffuse) solar radiation, data from 160 FSU 

actinometric stations, 1960 – 1990;  Abakumova et al. (1996) 

 


