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Lectures 26-27 

Radiative forcing of gases, aerosols, and clouds 
Objectives: 

1. Concepts of radiative forcing, climate sensitivity, and radiation feedbacks. 

2. Radiative forcing of anthropogenic greenhouse gases. 

3. Radiative forcing of aerosol and clouds. 

Recommended reading:  

L02: 8.4.1-8.4.5, 8.6 

Additional reading: 

IPCC (2001). Intergovernmental Panel on Climate Change: Report on Climate Change 

http://www.grida.no/climate/ipcc_tar/wg1/index.htm 

Hansen et al., Climate forcings in Goddard Institute for Space Studies SI2000 

simulations. J. Geophys. Res., 2002. 

 

1. Concepts of radiative forcing, climate sensitivity and radiation feedbacks. 

IPCC(20001): 

“The term “radiative forcing” has been employed in the IPCC Assessments to denote an 

externally imposed perturbation in the radiative energy budget of the Earth’s climate 

system. Such a perturbation can be brought about by secular changes in the 

concentrations of radiatively active species (e.g., CO2, aerosols), changes in the solar 

irradiance incident upon the planet, or other changes that affect the radiative energy 

absorbed by the surface (e.g., changes in surface reflection properties). This imbalance 

in the radiation budget has the potential to lead to changes in climate parameters and 

thus result in a new equilibrium state of the climate system….” 

 

A “short” definition: 

Radiative forcing, ∆F (W m-2), is a change of net radiative flux (longwave and 

shortwave) at the top of the atmosphere due to an external perturbation that has the 

potential to alter global temperature. 

                          )()( TOAFTOAFF cleanperturbed −=∆                                [26.1] 
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Radiative forcing is often classified as natural and anthropogenic climate forcings. 

Examples: a change in solar radiation incident on the Earth is a natural climate forcing; 

change in atmospheric CO2 abundance due to fossil fuel burning is an anthropogenic 

forcing. 

 

Positive radiative forcing implies warming: 

more absorbed shortwave or less outgoing longwave = > warming.  

Negative radiative forcing implies cooling. 

 

 

Climate sensitivity is the mean change in global temperature that occurs in response to a 

specified forcing. 

• Climate model calculations predict an approximately linear relationship between 

global-mean radiative forcing, ∆F (W m-2), and the equilibrium global-mean surface 

temperature change, ∆Ts(K)  

FGTs ∆=∆ 0   

where G0 is the a no-feedback climate sensitivity parameter (K (W m-2)-1), ranging 

from 0.3 to 1.4 predicted by GCMs. 

 
Stainforth D.A et al., Uncertainty in predictions of the climate response to rising levels of 

greenhouse gases, Nature 433, 403-406 (27 January 2005):  

present results from the 'climateprediction.net' experiment, the first multi-thousand-

member grand ensemble of simulations with climate sensitivities ranging from less than 

2 K to more than 11 K. 

 
A climate feedback is a process that changes the climate sensitivity. Often a feedback 

changes the radiative balance.  

 

Positive feedbacks enhance the climate change (for a fixed radiative forcing), while 

negative feedbacks diminish the climate change.  
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Influence of Climate feedbacks on radiative forcing in climate models 

 

 
Figure 26.1 Schematic showing the influence of climate feedbacks on the amount and 

sign of radiative forcing driving a climate model (Australian climate model). The arrows 

are indicative of the magnitude and sign of individual feedbacks, as determined from the 

climate model. The dominant positive feedback is due to water vapor. This climate model 

fives a positive cloud feedback, but this varies greatly between climate models. The range 

in surface temperature changes indicated results from the varying effect of all feedbacks, 

but particularly of clouds. 
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Different definitions of radiative forcing (after Hansen et al.): 

 
 

 

Can natural factors (sun and volcanic aerosols) alone explain existing warning?  

 

 
Figure 26.2 Variations of the Earth’s surface temperature for the past 1,000 years (IPCC, 

2001).  
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Figure 26.3 Estimated radiative forcing due to variability of solar fluxes.  

 

 

 
Figure 26.4 Predictions of temperature changes due to volcanic eruption.  
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….BUT simulations of the response to natural factors alone cannot explain the warming 

 
Figure 26.5 Temperature changes predicted with a GCM by taking into account only 

natural factors (Scott et al., Science, 2000).  

 

…THUS must be other factors (non-natural, i.e., anthropogenic) that contribute to 

warming. 

 

2. Radiative forcing of anthropogenic greenhouse gases.  

The amount of radiative forcing depends on the size of the increase in concentration of 

each greenhouse gas, the radiative properties of the gases involved (indicated by their 

global warming potential), and the concentrations of other greenhouse gases already 

present in the atmosphere. 

 

Global Warming Potential (GWP) of a greenhouse gas is the ratio of global warming, 

or radiative forcing, from one unit mass of a greenhouse gas to that of one unit mass of 

carbon dioxide over a period of time. Hence this is a measure of the potential for global 

warming per unit mass relative to carbon dioxide (see Table 26.1 below).  
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Figure 26.6   These figures show that the atmospheric concentrations of the key 

anthropogenic greenhouse gases, carbon dioxide, methane and nitrous oxide were 

constant over hundreds of years until the industrial era.  The observed increases in the 

atmospheric concentrations carbon dioxide, methane and nitrous oxide of 33%, more than 

a factor of two, and about 15% are attributable to human activities. The scales at the right 

show radiative forcing of each gas as a function of its concentration. 
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Table 26.1. Direct Global Warming Potentials (GWPs) relative to carbon dioxide (for gases 
for which the lifetimes have been adequately characterized). GWPs calculated for different 
time horizons show the effects of atmospheric lifetimes of the different gases. 
    Lifetime Global Warming Potential 

    (years) (Time Horizon in Years) 

 GAS     20 yrs 
100 
yrs 

500 
yrs 

Carbon Dioxide CO2   1 1 1 

Methane CH4 12.0 62 23 7 

Nitrous Oxide N2O 114 275 296 156 

Chlorofluorocarbons         

CFC-11   55 4500 3400 1400 

CFC-12   116 7100 7100 4100 

CFC-115   550 5500 7000 8500 

Hydrofluorocarbons         

HFC-23 CHF3 260 9400 12000 10000 

HFC-32 CH2F2 5 1800 550 170 

HFC-41 CH3F 2.6 330 97 30 

HFC-125 CHF2CF3 29 5900 3400 1100 

HFC-134 CHF2CHF2 9.6 3200 1100 330 

HFC-134a CH2FCF3 13.8 3300 1300 400 

HFC-143 CHF2CH2F 3.4 1100 330 100 

HFC-143a CF3CH3 52 5500 4300 1600 

HFC-152 CH2FCH2F 0.5 140 43 13 

HFC-152a CH3CHF2 1.4 410 120 37 

HFC-161 CH3CH2F 0.3 40 12 4 

HFC-227ea CF3CHFCF3 33 5600 3500 1100 

HFC-236cb CH2FCF2CF3 13.2 3300 1300 390 

HFC-236ea CHF2CHFCF3 10 3600 1200 390 

HFC-236fa CF3CH2CF3 220 7500 9400 7100 

HFC-245ca CH2FCF2CHF2 5.9 2100 640 200 

HFC-245fa CHF2CH2CF3 7.2 3000 950 300 

HFC-365mfc CF3CH2CF2CH3 9.9 2600 890 280 

HFC-43-10mee CF3CHFCHFCF2CF3 15 3700 1500 470 

Fully fluorinated species         

SF6   3200 15100 22200 32400 

CF4   50000 3900 5700 8900 

C2F6   10000 8000 11900 18000 

C3F8   2600 5900 8600 12400 

C4F10   2600 5900 8600 12400 
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c-C4F8   3200 6800 10000 14500 

C5F12   4100 6000 8900 13200 

C6F14   3200 6100 9000 13200 

Ethers and Halogenated Ethers         

CH3OCH3   0.015 1 1 <<1 

HFE-125 CF3OCHF2 150 12900 14900 9200 

HFE-134 CHF2OCHF2 26.2 10500 6100 2000 

HFE-143a CH3OCF3 4.4 2500 750 230 

HCFE-235da2 CF3CHClOCHF2 2.6 1100 340 110 

HFE-245fa2 CF3CH2OCHF2 4.4 1900 570 180 

HFE-254cb2 CHF2CF2OCH3 0.22 99 30 9 

HFE-7100 C4F9OCH3 5 1300 390 120 

HFE-7200 C4F9OC2H5 0.77 190 55 17 

H-Galden 1040x CHF2OCF2OC2F4OCHF2 6.3 5900 1800 560 

HG-10 CHF2OCF2OCHF2 12.1 7500 2700 850 

HG-01 CHF2OCF2CF2OCHF2 6.2 4700 1500 450  

 

 

NOTE:  

Global Warming Potentials are presented in Table 26.1 for an expanded set of gases. New 

categories of gases in Table 1 include fluorinated organic molecules, many of which are 

ethers that are proposed as halocarbon substitutes. Some of the GWPs have larger 

uncertainties than that of others, particularly for those gases where detailed laboratory 

data on lifetimes are not yet available. The direct GWPs have been calculated relative to 

CO2 using an improved calculation of the CO2 radiative forcing, the SAR response 

function for a CO2 pulse, and new values for the radiative forcing and lifetimes for a 

number of halocarbons. Indirect GWPs, resulting from indirect radiative forcing effects, 

are also estimated for some new gases, including carbon monoxide. The direct GWPs for 

those species whose lifetimes are well characterized are estimated to be accurate within 

±35%, but the indirect GWPs are less certain. 
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3. Radiative forcing of aerosols and clouds.  

How radiative forcing is calculated by different models:  

Stand-alone radiative transfer codes: 

Radiative forcing, ∆F (W m-2), is a change of net radiative flux (longwave and 

shortwave) at the top of the atmosphere. 

GCM models (official IPCC definition): 

Radiative forcing is a change in net radiative flux at the tropopause after stratosphere 

comes back into equilibrium. 

 

Direct and indirect radiative forcings of aerosols: 

Direct forcing is due to direct interactions of aerosols with radiation (via scattering and 

absorption); 

Indirect forcing: aerosols affect clouds (or other radiatively active species) => altered 

clouds change the net flux 

 

Direct radiative forcing of aerosols (or clouds) is defined as a difference between the 

net fluxes in ‘clean’ and perturbed atmospheric conditions. 

                                            )()( TOAFTOAFF cleanaer −=∆                          [26.2] 

where 

)(TOAFaer  is the net total flux at the top of the atmosphere in the presence of aerosols (or 

clouds); 

)(TOAFclean is the net total flux at the top of the ‘clean’ atmosphere. 

 

Direct radiative forcing of aerosols (or clouds) can be expressed as  

                                                        LWFSWFF +=∆                                            [26.3] 
where  SWF is the shortwave (solar) component of radiative forcing; 

LWF is the longwave (thermal IR) component of radiative forcing; 

            )()( ,, TOAFTOAFSWF aerSWcleanSW
↑↑ −=                                    [26.4] 

            )()( ,, TOAFTOAFLWF aerLWcleanLW
↑↑ −=                                   [26.5] 
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NOTE: IPCC (1996):  Invoked aerosol cooling to offset GCM overestimates of 

greenhouse warming.  

 

Indirect aerosol radiative forcing of climate:  

• 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 26.7 Schematic of the aerosol indirect effects. CDNC stands for cloud droplet 

number concentration, and LWC is the liquid water content (Haywood and Boucher, 

2000).  
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IPCC(2001) assessments of radiative forcing of “all” factors: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

What’s not in this picture? 

 

• Aerosol 2nd indirect effect omitted 

• Aerosol semi-direct effect omitted 

• Regional character of aerosol forcing not represented 

• Aerosol models are largely unvalidated 
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Other assessments: 

 

 
 

 

Figure 26.8 Radiative forcing by species a) from Hansen and Sato (2001) and (b) from 

Hansen et al.(2002). 
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Assessment of radiative forcing of aerosols poses serious challenges: 

 Depends on 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 -> ?? 

 

 

 Radiative forcing of aerosols has the complex spatial distribution: 

 
 

Figure 26.9 Model predictions of the radiative forcing (W/m2) : 

(a) the direct radiative forcing of sulfate aerosols (Haywood et al., 1997); 

(b) the direct radiative forcing of organic carbon and black carbon from fossil fuel 

burning (Penner et al., 1998); 

(c) the direct radiative forcing of organic carbon and black carbon from biomass 

burning (Grant et al., 1999) 

(d) the direct radiative forcing of mineral dust (Tegen et al., 1996) 
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 Diurnal cycle of radiative forcing 

Figure 26.10 Diurnal cycle of net radiative forcing (30oN, summer) for Saharan (squares) 

and Afghan dust (diamonds) (a) over the land, and (b) over the ocean, τdust (0.5 µm) = 

0.5. (see Lecture 23 for model set-up).  

 

 

 

 

 

 

 

 

-30

-20

-10

0

10

20

30

40

0 5 10 15 20 25

∆F
TO

A 
(W

/m
2 )

a

-50

-40

-30

-20

-10

0

10

0 5 10 15 20 25

Hours

∆F
TO

A
 (W

/m
2 )

b



 16

Main differences between aerosol forcing and GHG forcing: 

• The two forcings (GHG and aerosol) have very different spatial and temporal 

distributions: GHG operates day and night, whether clear or cloudy, and is at a 

maximum in the hottest, driest places on Earth. In contrast, forcing by anthropogenic 

aerosols occurs mainly by day (except dust), and because of the relatively short 

residence time of aerosols, is concentrated near aerosol sources and downwind from 

the sources. 

 

• Determination of GHG forcing is well-posed problem in radiative transfer (because 

IR absorption is well quantified for all GHG gases). Determination of direct and 

indirect aerosol forcings remains an unresolved problem (because of complex spatial 

and temporal distribution of aerosol, complex chemical composition, complex 

evolution processes, etc.).  

 

 
 


