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Lecture 25. 

Radiative forcing of gases, aerosols, and clouds. Part 1. 

Objectives: 

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

2. Radiative forcing of anthropogenic greenhouse gases. 

Required reading:  

L02: 8.4.1-8.4.5, 8.6 

IPCC(2007), Chapter 2, pp. 131-153, 188-194, 210-216 

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 

 

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

IPCC(20001&2007): 

“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 cleannetperturbednet −=∆                                [25.1] 
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Radiative forcing is 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. 

 

 

Figure 25.1 Diagram illustrating how RF is linked to other aspects of climate change 

assessed by the IPCC. Human activities and natural processes cause direct and indirect 

changes in climate change drivers. In general, these changes result in specific RF 

changes, either positive or negative, and cause some non-initial radiative effects, such as 

changes in evaporation. Radiative forcing and non-initial radiative effects lead to climate 

perturbations and responses. The coupling among biogeochemical processes leads to 

Figure 2.1 
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feedbacks from climate change to its drivers. An example of this is the change in wetland 

emissions of CH4 that may occur in a warmer climate (IPCC, 2007) 

 

 

 

 

 

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. 

 

 

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.  

 

 

 

 

 

 

 

 

 



 4 

Influence of climate feedbacks on radiative forcing in a climate model: 

 

 

Figure 25.2 Schematic showing the influence of climate feedbacks on the amount and 

sign of radiative forcing driving a climate model (an example from the 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 gives 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: 

 

Figure 25.3 Radiative forcing, defined as the net flux imbalance at the tropopause, is 

shown by an arrow. The horizontal lines represent the surface (lower line) and tropopause 

(upper line). The unperturbed temperature profile is shown as the blue line and the 

perturbed temperature profile as the red line. From left to right: Instantaneous RF: 

atmospheric temperatures are fixed everywhere; stratospheric-adjusted RF: allows 

stratospheric temperatures to adjust; zero-surface-temperature-change RF: allows 

atmospheric temperatures to adjust everywhere with surface temperatures fixed; and 

equilibrium climate response: allows the atmospheric and surface temperatures to adjust 

to reach equilibrium (no tropopause flux imbalance), giving a surface temperature change 

(∆Ts) (IPCC, 2007). 

 

 

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 (or at the tropopause)  

 

Climate GCM models (official IPCC definition): 

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

comes back into equilibrium. 
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Figure 25.4 IPCC(2001) (upper panel) and IPCC(2007) (lower panel) assessments of 

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

 

 

Figure 25.5 Variations of the Earth’s surface temperature for the past 1,000 years. 

 

Figure 25.6 Estimated radiative forcing due to variability of solar fluxes.  
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Figure 25.7 Predictions of temperature changes due to volcanic eruption.  

 

….BUT simulations of the response to natural factors alone cannot explain the warming 

 

Figure 25.8 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 

observed warming. 



 9 

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. 

 

 

Figure 25.9  The concentrations and radiative forcing by (a) carbon dioxide (CO2), (b) 

methane (CH4), (c) nitrous oxide (N2O) and (d) the rate of change in their combined 

radiative forcing over the last 20,000 years reconstructed from antarctic and Greenland 

ice and firn data (symbols) and direct atmospheric measurements (panels a,b,c, red lines). 

The grey bars show the reconstructed ranges of natural variability for the past 650,000 

years. The rate of change in radiative forcing (panel d, black line) has been computed 

from spline fits to the concentration data. The width of the age spread in the ice data 

varies from about 20 years for sites with a high accumulation of snow such as Law 

Figure TS.2
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Dome, Antarctica, to about 200 years for low-accumulation sites such as Dome C, 

Antarctica. The arrow shows the peak in the rate of change in radiative forcing that would 

result if the anthropogenic signals of CO2, CH4, and N2O had been smoothed 

corresponding to conditions at the low-accumulation Dome C site. The negative rate of 

change in forcing around 1600 shown in the higher-resolution inset in panel d results 

from a CO2 decrease of about 10 ppm in the Law Dome record (IPCC, 2007).   

 

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 example in the Table below).  

The GWP is defined as the ratio of the time-integrated radiative forcing from the 

instantaneous release of 1 kg of a trace substance relative to that of 1 kg of a reference 

gas: 

                             [25.2] 

 

where TH is the time horizon over which the calculation is considered; ax is the 

radiative efficiency due to a unit increase in atmospheric abundance of the substance 

(i.e., Wm
-2
 kg

-1
) and [x(t)] is the time-dependent decay in abundance of the substance 

following an instantaneous release of it at time t=0. The denominator contains the 

corresponding quantities for the reference gas CO2. The radiative efficiencies ax and ar 

may vary over time.  

 

 

Carbon dioxide has a GWP of exactly 1 (since it is the baseline unit to which all other 

greenhouse gases are compared.) 
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GWP values and lifetimes from 2007 IPCC AR4 (2001 IPCC TAR  in brackets) 

GWP time horizon 
Gas 

Lifetime 

(years) 
20 years 100 years 500 years 

Methane 12         (12) 72         (62) 25         (23) 7.6       (7) 

Nitrous oxide 114       (114) 
310       

(275) 

289       

(296) 

153       

(156) 

HFC-23 

(hydrofluorocarbon) 
270       (260) 

12000   

(9400) 

14800   

(12000) 

12200   

(10000) 

HFC-134a 

(hydrofluorocarbon) 
14         (13.8) 

3830     

(3300) 

1430     

(1300) 

435       

(400) 

sulfur hexafluoride 
3200     

(3200) 

16300   

(15100) 

22800   

(22200) 

32600   

(32400) 

NOTE:  see complete table 2.14 in Chapter 2, IPCC 2007 (pp.212-213) 

 

 

Differences between GHS forcing and aerosol 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.).  

 

 


