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Radiative forcing

Radiative forcing or climate forcing is the difference

between insolation (sunlight) absorbed by the Earth and energy
radiated back to space.['l The influences that cause changes to the
Earth’s climate system altering Earth’s radiative equilibrium,
forcing temperatures to rise or fall, are called climate forcings.[?!
Positive radiative forcing means Earth receives more incoming

energy from sunlight than it radiates to space. This net gain of

energy will cause warming. Conversely, negative radiative forcing

means that Earth loses more energy to space than it receives A
from the sun, which produces cooling. Incoming solar radiation

Typically, radiative forcing is quantified at the tropopause or at

the top of the atmosphere (often accounting for rapid adjustments in temperature) in units of watts per square meter of
the Earth's surface. Positive forcing (incoming energy exceeding outgoing energy) warms the system, while negative
forcing (outgoing energy exceeding incoming energy) cools it. Causes of radiative forcing include changes in insolation and

the concentrations of radiatively active gases, commonly known as greenhouse gases, and aerosols.
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Radiation balance

Almost all of the energy that affects Earth's climate is received as radiant energy from the Sun. The planet and its
atmosphere absorb and reflect some of the energy, while long-wave energy is radiated back into space. The balance
between absorbed and radiated energy determines the average global temperature. Because the atmosphere absorbs some
of the re-radiated long-wave energy, the planet is warmer than it would be in the absence of the atmosphere: see

greenhouse effect.
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The radiation balance is altered
by such factors as the intensity
of solar energy, reflectivity of
clouds or gases, absorption by
various greenhouse gases or

surfaces and heat emission by

Radiative forcing - Wikipedia
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Atmospheric gases only absorb some wavelengths of energy but are transparent to
others. The absorption patterns of water vapor (blue peaks) and carbon dioxide

(pink peaks) overlap in some wavelengths. Carbon dioxide is not as strong a
greenhouse gas as water vapor, but it absorbs energy in wavelengths (12-15
micrometers) that water vapor does not, partially closing the “window” through
which heat radiated by the surface would normally escape to space. (lllustration
NASA, Robert Rohde)E!

various materials. Any such
alteration is a radiative forcing,
and changes the balance. This
happens  continuously as
sunlight hits the

clouds and aerosols form, the

surface,
concentrations of atmospheric gases vary and seasons alter the groundcover.

IPCC usage

The Intergovernmental Panel on Climate Change (IPCC) AR4
report defines radiative forcings as:[4!

Radiative forcing components
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In simple terms, radiative forcing is "...the rate of energy change Radiative forcings, IPCC 2007.

per unit area of the globe as measured at the top of the
atmosphere."® In the context of climate change, the term
"forcing" is restricted to changes in the radiation balance of the surface-troposphere system imposed by external factors,
with no changes in stratospheric dynamics, no surface and tropospheric feedbacks in operation (i.e., no secondary effects
induced because of changes in tropospheric motions or its thermodynamic state), and no dynamically induced changes in

the amount and distribution of atmospheric water (vapour, liquid, and solid forms).

Climate sensitivity

Radiative forcing can be used to estimate a subsequent change in steady-state (often denoted "equilibrium") surface

temperature (AT) arising from that forcing via the equation:
AT, = AAF

where A is commonly denoted the climate sensitivity parameter, usually with units K/(W/m?2), and AF is the radiative
forcing in W/m2.[6] A typical value of A, 0.8 K/(W/m32), gives an increase in global temperature of about 1.6 K above the

1750 reference temperature due to the increase in CO, over that time (278 to 405 ppm, for a forcing of 2.0 W/m?), and
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predicts a further warming of 1.4 K above present temperatures if the CO, mixing ratio in the atmosphere were to become

double its pre-industrial value; both of these calculations assume no other forcings.’]

Sample calculations
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in different ways for different components. For solar irradiance (i.e.,

LN

"solar forcing"), the radiative forcing is simply the change in the average

amount of solar energy absorbed per square meter of the Earth's area.

spectral irmslia

Since the Earth's cross-sectional area exposed to the Sun (snir2) is equal to

0 HAk S0 [E1 1] i rH] 100 1 300 1400
----- wnmbcr fom 'y 1/4 of the surface area of the Earth (4mr2), the solar input per unit area is
Radiative forcing for doubling CO,, as

calculated by radiative transfer code
Modtran. Red lines are Planck curves.

one quarter the change in solar intensity. This must be multiplied by the
fraction of incident sunlight that is absorbed, F=(1-R), where R is the
reflectivity (albedo), of the Earth. The albedo is approximately 0.3, so F is
approximately equal to 0.7. Thus, the solar forcing is the change in the

el Mnsnd vl epmard iresliasce sl 20 km, LS. Stedand Atmiphere solar intensity divided by 4 and multiplied by 0.7.
4 56 pb CH,. FI=238.67 W n Likewise, a change in albedo will produce a solar forcing equal to the
B . ‘] W Il'b\ apslo W change in albedo divided by 4 multiplied by the solar constant.
=1 U
Lo / ' Forcing due to atmospheric gas

R T Ty S PR For a greenhouse gas, such as carbon dioxide, radiative transfer codes

i . . , , that examine each spectral line for atmospheric conditions can be used to
Radiative forcing for eight times increase

of CH,, as calculated by radiative transfer
code Modtran.

calculate the change AF as a function of changing concentration. These
calculations might be simplified into an algebraic formulation that is

specific to that gas.

For instance, a proposed simplified first-order approximation expression for carbon dioxide would be:

AF = 5.35 x 1n£ W m—2
Co

where C is the CO, concentration in parts per million by volume and C, is the reference concentration.[®! There is the
claim of a relationship between carbon dioxide and radiative forcing is logarithmic,® at concentrations up to around eight
times the current value, and thus increased concentrations have a progressively smaller warming effect. Some claim that
at higher concentrations,however, it becomes supra-logarithmic so that there is no saturation in the absorption of infrared
radiation by CO,.[10]

A different formula might apply for other greenhouse gases such as methane and N, O (square-root dependence) or CFCs
(linear), with coefficients that may be found e.g. in the IPCC reports.l'!]. While recently a ['4 suggests a significant revision
of methane IPCC formula.

Related measures
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Radiative forcing is a useful way to compare different causes of perturbations in a climate system. Other possible tools can
be constructed for the same purpose: for example Shine et al.l'3 say "...recent experiments indicate that for changes in
absorbing aerosols and ozone, the predictive ability of radiative forcing is much worse... we propose an alternative, the
'adjusted troposphere and stratosphere forcing'. We present GCM calculations showing that it is a significantly more
reliable predictor of this GCM's surface temperature change than radiative forcing. It is a candidate to supplement
radiative forcing as a metric for comparing different mechanisms...". In this quote, GCM stands for "global circulation
model", and the word "predictive" does not refer to the ability of GCMs to forecast climate change. Instead, it refers to the

ability of the alternative tool proposed by the authors to help explain the system response.

Therefore the concept of radiative forcing has been evolving from the initial proposal, named nowadays instantaneous
radiative forcing (IRF), to other proposals that aims to relate better the radiative imbalance with global warming (global
surface mean temperature). In this sense the adjusted radiative forcing, in its different calculation methodologies,
estimates the imbalance once the stratosphere temperatures has been modified to achieve a radiative equilibrium in the
stratosphere (in the sense of zero radiative heating rates). This new methodology is not estimating any adjustment or
feedback that could be produced on the troposphere (in addition to stratospheric temperature adjustments), for that goal
another definition, named effective radiative forcing has been introduced ['4]. In general the ERF is the recommendation
of the CMIP6 radiative forcing analysis [ althougth the stratospherically adjusted methodologies are still being applied
in those cases where the adjustments and feedbacks on the troposphere are considered not critical, like in the well mixed
greenhouse gases and ozone [181 ['7], Recently a new methodology named radiative kernel approach allows to estimate the

climate feedbacks within an offline calculation based on a linear approximation [8!

History

The table below (derived from atmospheric radiative transfer models) shows changes in radiative forcing between 1979
and 2013."°! The table includes the contribution to radiative forcing from carbon dioxide (CO,), methane (CH 4), nitrous
oxide (N,0); chlorofluorocarbons (CFCs) 12 and 11; and fifteen other minor, long-lived, halogenated gases.[zo] The table
includes the contribution to radiative forcing of long-lived greenhouse gases. It does not include other forcings, such as

aerosols and changes in solar activity.

Radiative forcing (W m)

Changes in radiative forcing of long-lived greenhouse gases
between 1979 and 2012.

https://en.wikipedia.org/wiki/Radiative_forcing 4/10


https://en.wikipedia.org/wiki/Global_circulation_model
https://en.wikipedia.org/wiki/Global_circulation_model
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Methane
https://en.wikipedia.org/wiki/Nitrous_oxide
https://en.wikipedia.org/wiki/Chlorofluorocarbon
https://en.wikipedia.org/wiki/CFC-12
https://en.wikipedia.org/wiki/CFC-11
https://en.wikipedia.org/wiki/Halogen
https://en.wikipedia.org/wiki/File:Changes_in_radiative_forcing_of_long-lived_greenhouse_gases_between_1979-2012.png

13.11.2018 Radiative forcing - Wikipedia

Carbon Dioxkde Radistive Foncing

Readiathv Foucing Sinos 1750 (W '}
o

7

8 88885 ¢%¢E

- -

$§ 5333838
*EWI‘HI’"HI&JW

Radiative forcing, relative to 1750,
due to carbon dioxide alone since
1979. The percent change from
January 1, 1990 is shown on the
right axis.
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Year

1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
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Global radiative forcing (relative to 1750, in ' W m_2), CO,-equivalent mixing ratio, and the Annual
Greenhouse Gas Index (AGGI) between 1979-2014[1°]

CcO,

1.027
1.058
1.077
1.089
1.115
1.140
1.162
1.184
1.211
1.250
1.274
1.293
1.313
1.324
1.334
1.356
1.383
1.410
1.426
1.465
1.495
1.513
1.535
1.564
1.601
1.627
1.655
1.685
1.710
1.739
1.760
1.791
1.818
1.846

CH,

0.419
0.426
0.433
0.440
0.443
0.446
0.451
0.456
0.460
0.464
0.468
0.472
0.476
0.480
0.481
0.483
0.485
0.486
0.487
0.491
0.494
0.494
0.494
0.494
0.496
0.496
0.495
0.495
0.498
0.500
0.502
0.504
0.505
0.507

N,O

0.104
0.104
0.107
0.111

0.113
0.116
0.118
0.122
0.120
0.123
0.126
0.129
0.131
0.133
0.134
0.134
0.136
0.139
0.142
0.145
0.148
0.151
0.153
0.156
0.158
0.160
0.162
0.165
0.167
0.170
0.172
0.174
0.178
0.181

CFC-12

0.092
0.097
0.102
0.108
0.113
0.118
0.123
0.129
0.135
0.143
0.149
0.154
0.158
0.162
0.164
0.166
0.168
0.169
0.171
0.172
0.173
0.173
0.174
0.174
0.174
0.174
0.173
0.173
0.172
0.171
0.171
0.170
0.169
0.168

CFC-11

0.039
0.042
0.044
0.046
0.048
0.050
0.053
0.056
0.059
0.062
0.064
0.065
0.067
0.067
0.068
0.068
0.067
0.067
0.067
0.067
0.066
0.066
0.065
0.065
0.064
0.063
0.063
0.062
0.062
0.061
0.061
0.060
0.060
0.059

15-minor

0.031
0.034
0.036
0.038
0.041
0.044
0.047
0.049
0.053
0.057
0.061
0.065
0.069
0.072
0.074
0.075
0.077
0.078
0.079
0.080
0.082
0.083
0.085
0.087
0.088
0.090
0.092
0.095
0.097
0.100
0.103
0.106
0.109
0.111

Total

1.712
1.761
1.799
1.831
1.873
1.913
1.953
1.996
2.039
2.099
2.144
2.178
2.213
2.238
2.254
2.282
2.317
2.350
2.372
2.419
2.458
2.481
2.506
2.539
2.580
2.610
2.640
2.675
2.706
2.742
2.768
2.805
2.838
2.873

CO5-eq
pPpm

383
386
389
391
395
397
401
404
407
412
415
418
420
422
424
426
429
431
433
437
440
442
444
447
450
453
455
458
461
464
466
470
473
476

AGGI
1990 =1

0.786
0.808
0.826
0.841
0.860
0.878
0.897
0.916
0.936
0.964
0.984
1.000
1.016
1.027
1.035
1.048
1.064
1.079
1.089
1.111

1.128
1.139
1.150
1.166
1.185
1.198
1.212
1.228
1.242
1.259
1.271
1.288
1.303
1.319

AGGI
% change

2.8
2.2
1.8
2.2
22
2.1
2.2
2.2
3.0
2.1
1.6
1.6
1.1
0.7
1.3
1.5
1.4
0.9
2.0
1.6
0.9
1.0
1.3
1.6
1.1
1.2
1.3
1.1
1.3
1.0
1.3
1.2
1.2
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2013 | 1.884 | 0.509 | 0.184 | 0.167 0.059 0.114 2.916 | 479 1.338 1.5
2014 | 1.909 | 0.500 | 0.187 | 0.166 0.058 0.116 2.936 | 481 1.356 1.6
2015 | 1.938 | 0.504 | 0.19 0.165 0.058 0.118 2.973 | 485 1.374 1.8
2016 | 1.985 | 0.507 | 0.193 | 0.164 0.057 0.121 3.027 | 489 1.399 2.5

The table shows that CO, dominates the total forcing, with methane and chlorofluorocarbons (CFC) becoming relatively
smaller contributors to the total forcing over time.['® The five major greenhouse gases account for about 96% of the direct
radiative forcing by long-lived greenhouse gas increases since 1750. The remaining 4% is contributed by the 15 minor

halogenated gases.

It might be observed that the total forcing for year 2016, 3.027 W m™2, together with the commonly accepted value of
climate sensitivity parameter A, 0.8 K /(W m~2), results in an increase in global temperature of 2.4 K, much greater than
the observed increase, about 1.2 K.[2" Part of this difference is due to lag in the global temperature achieving steady state
with the forcing. The remainder of the difference is due to negative aerosol forcing!??! and/or climate sensitivity being less

than the commonly accepted value, or some combination thereof.[2°]

The table also includes an "Annual Greenhouse Gas Index" (AGGI), which is defined as the ratio of the total direct
radiative forcing due to long-lived greenhouse gases for any year for which adequate global measurements exist to that
which was present in 1990.["®1 1990 was chosen because it is the baseline year for the Kyoto Protocol. This index is a
measure of the inter-annual changes in conditions that affect carbon dioxide emission and uptake, methane and nitrous
oxide sources and sinks, the decline in the atmospheric abundance of ozone-depleting chemicals related to the Montreal
Protocol. and the increase in their substitutes (hydrogenated CFCs (HCFCs) and hydrofluorocarbons (HFC). Most of this
increase is related to CO,. For 2013, the AGGI was 1.34 (representing an increase in total direct radiative forcing of 34%
since 1990). The increase in CO, forcing alone since 1990 was about 46%. The decline in CFCs considerably tempered the

increase in net radiative forcing.

An alternative table prepared for use in climate model intercomparisons conducted under the auspices of IPCC and
including all forcings, not just those of greenhouse gases, is available at
http://www.climatechange2013.org/images/report/ WG1AR5_AIISM_ Datafiles.xlsx2%

See also

= Climate sensitivity

= Anthropogenic heat

= Emission standard

= Global warming potential
= Sulfate
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= Explore Mann's climate projections from Scientific American (https://climateblab.github.io/dangerous-threshold/)
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