Lecture 23.

Radiative forcing of gases, aerosols and, clouds.
1. Concepts of radiative forcing, climate sensitivity, and radiation feedbacks.
2. Radiative forcing of anthropogenic greenhouse gases.
3. Radiative forcing of anthropogenic aerosols.
4. Radiative forcing of clouds.
Required reading:
L02: 8.4.1-8.4.5, 8.6
IPCC(2007): http://www.ipcc.ch/ipccreports/ar4-wg1.htm :
Summary for Policymakers: http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1spm.pdf
Additional reading:
IPCC Assessment Report
http://www.ipcc.ch/publications_and_data/publications_and_data_reports.shtml
IPCC(2007), Ch2.
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf
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….”
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Figure 23.1 Diagram illustrating how radiative forcing 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
radiative forcing 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 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)
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A “short” definition:
Radiative forcing, ∆F (W m-2), is a change of net radiative flux (shortwave and
longwave) at the top of the atmosphere (TOA) due to an external perturbation that has
the potential to alter global temperature:

∆F = Fnet , perturbed (TOA) − Fnet ,clean (TOA)

[23.1]

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 the warming of the climate system:
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)
∆Ts = G0 ∆F

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.
Positive feedbacks enhance the climate change (for a fixed radiative forcing), while
negative feedbacks diminish the climate change.
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Different definitions of radiative forcing:

Figure 23.2 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
(ΔTs) (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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IPCC (2001) and IPCC(2007) assessments

Figure 23.3 “Older” IPCC(2001) radiative forcing assessment

Figure 23.4 IPCC(2007) assessments. Direct radiative forcing by individual aerosol
components (W/m2): Sulfates -0.4 (+/- 0.2); Nitrates -0.1 (+/-0.2);
Fossil fuel OC -0.05 (+/- 0.005) ; Fossil fuel BC +0.2 (+/- 0.15);
Biomass burning +0.03 (+/-0.12); Dust -0.1 (+/-0.2) from -0.3 to +0.1
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Can natural factors (sun and volcanic aerosols) alone explain observed warning?

Figure 23.5 Estimated radiative forcing due to variability of solar fluxes.

Figure 23.6 Predictions of temperature changes due to volcanic eruption.

….BUT simulations of the response to natural factors alone cannot explain the observed
warming.
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2. Radiative forcing of anthropogenic greenhouse gases.
The amount of radiative forcing depends on an 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 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:

[23.2]
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

Lifetime
(years)

Gas

20 years
(62)

100 years
25

(23)

500 years

Methane

12

(12)

72

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.).
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3. Radiative forcing of anthropogenic 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

According to the IPCC definition (see Eq.26.1), TOA direct radiative forcing of
aerosols is defined as a difference between the net fluxes in ‘clean’ and perturbed
atmospheric conditions.

∆F = Faer (TOA) − Fclean (TOA)

[23.3]

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

tropopause) in the presence of aerosols;

Fclean (TOA) 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

∆F = SWF + LWF

[23.4]

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

LWF is the longwave (thermal IR) component of radiative forcing;
↑
↑
SWF = FSW
, clean (TOA) − FSW , aer (TOA)

[23.5]

↑
↑
LWF = FLW
, clean (TOA) − FLW , aer (TOA)

[23.6]

NOTE: Both IPCC 2001 and 2007 reports consider the indirect radiative forcing of
aerosols via clouds. 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.,
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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).

Spatial distribution

Figure 23.7 Instantaneous change in the spatial distribution of the net (solar plus
longwave) radiative flux (W m–2) due to natural plus anthropogenic forcings between the
years 1860 and 2000. Results here are intended to be illustrative examples of these
quantities in two different climate models. (a) and (c) correspond to tropopause and
surface results using the GFDL CM 2.1 model (adapted from Knutson et al., 2006). (b)
and (d) correspond to tropopause and surface results using the MIROC+SPRINTARS
model (adapted from Nozawa et al., 2005 and Takemura et al., 2005). Note that the
MIROC+SPRINTARS model takes into account the aerosol cloud albedo effect while the
CM 2.1 model does not. (IPCC, 2007, Ch2, Fig.2.24)
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Large differences in assessments of aerosol direct RF between the GCMs

Figure 23.8 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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Assessment of direct 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 ?
 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 23.9 Globally and annually averaged temporal evolution of the instantaneous allsky surface radiative forcing due to various agents, as simulated in the
MIROC+SPRINTARS model (Nozawa et al., 2005; Takemura et al., 2005). This is an
illustrative example of the forcings as implemented and computed in one of the climate
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models participating in the AR4. Note that there could be differences in the RFs among
models. Most models simulate roughly similar evolution of the LLGHGs’ RF (IPCC,
2007, Ch.2, fig.2.23

 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 23.10 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
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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).

NOTE: The IPCC reports consider only the cloud albedo indirect aerosol forcing (only
water clouds).

Figure 23.11 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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4. Radiative forcing of clouds.
Radiative forcing of clouds is defined is defined as a difference between the net fluxes in
‘clean’ and cloudy atmospheric conditions.

∆F = Fcloud (TOA) − Fclean (TOA)

[23.7]

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

tropopause) in the presence of clouds;

Fclean (TOA) is the net total flux at the top of the ‘clean’ atmosphere (i.e., a reference
atmospheric condition).
NOTE: Cloud radiative forcing is defined as the IPCC radiative forcing, but it has
different meaning.

Similar to Eq.[23.4-23.6], cloud radiative forcing can be expressed as

∆F = SWF + LWF

[23.8]

where SWF is the shortwave (solar) component of radiative forcing;
LWF is the longwave (thermal IR) component of radiative forcing;
↑
↑
SWF = FSW
,clean (TOA) − FSW ,cloud (TOA)
↑
↑
LWF = FLW
,clean (TOA) − FLW ,cloud (TOA)

[23.9]
[23.10]

NOTE (see figures below):
 Cloud radiative forcing shows how much clouds modify the net radiation and thus
their role in the Earth energy balance. Positive forcing occurs over the regions where
clouds act to increase the net energy into the Earth system, while the negative forcing
is over the regions where clouds act to decrease the net energy.
 The solar and terrestrial properties of clouds have offsetting effects in terms of the
energy balance of the planet. In the longwave (LW), clouds generally reduce the
radiation emission to space and thus result in a heating of the planet. While in the SW,
clouds reduce the absorbed solar radiation, due to a generally higher albedo than the
underlying surface, and thus result in a cooling of the planet.
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 The latest results from ERBE indicate that in the global mean, clouds reduce the
radiative heating of the planet. This cooling is a function of season and ranges from
approximately -13 to -21 Wm-2. While these values may seem small, they should be
compared with the 4 Wm-2 heating predicted by a doubling of atmospheric
concentration of carbon dioxide.
 In terms of hemispheric averages, the LW and SW cloud forcing tend to balance each
other in the winter hemisphere. In the summer hemisphere, the negative SW cloud
forcing dominates the positive LW cloud forcing, and the clouds result in a cooling.

Figure 23.12 LW cloud forcing (top) and SW cloud forcing (bottom) for a one-year
average (from 1985-86) data retrieved from ERBE.
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High level clouds (cirrus):
The overall effect of the high thin cirrus clouds is to enhance atmospheric greenhouse
warming. They are highly transparent to shortwave radiation (their cloud albedo forcing
is small), but they readily absorb the outgoing LW radiation. Because cirrus clouds are
high, and therefore cold, the energy radiated to outer space is lower than it would be
without the cloud (the cloud greenhouse forcing is large).

Low level clouds
Low stratocumulus clouds act to cool the Earth system. Because lower clouds are much
thicker than high cirrus clouds, they are not as transparent to solar radiation. Instead, they
reflect much of the solar energy back to space (cloud albedo forcing is large). Although
stratocumulus clouds also emit longwave radiation out to space and toward the Earth's
surface, they are near the surface and at almost the same temperature as the surface (thus,
their cloud greenhouse forcing on a planetary scale is small).

Deep convective clouds:
Because cumulonimbus cloud tops are high (can reach 10 km) and cold, the LW radiation
emitted to outer space is lower than it would be without the cloud (the cloud greenhouse
forcing is large). But because they also are very thick, they reflect much of the SW
radiation back to space (their cloud albedo forcing is also large). As a consequence,
overall, the cloud greenhouse and albedo forcings almost balance, and the overall effect
of cumulonimbus clouds is neutral-neither warming nor cooling.
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