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8.SM: Supplementary Material 
 
8.SM.1 Atmospheric Chemistry 

 
 
Figure 8.SM.1: Time evolution of regional (Africa, China, India, North America, South America and Western Europe) 
anthropogenic and biomass burning emissions 1850–2100 used in CMIP5/ACCMIP following each RCP; blue 
(RCP2.6), light blue (RCP4.5), orange (RCP6.0) and red (RCP8.5). BC stands for black carbon (in Tg(C) yr–1), OC for 
organic carbon (in Tg(C) yr–1), NMVOC for non-methane volatile organic compounds (in Tg(C) yr–1) and NOX for 
nitrogen oxides (in Tg(NO2) yr–1). Other panels are in Tg(species) yr–1. Historical (1850–2000) values are from 
Lamarque et al. (2010). RCP values are from van Vuuren et al. (2011). 
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Figure 8.SM.2: Calculated OH feedback, ∆ln(OH)/∆(ln(CH4)). A value of X indicates a X% change in OH for a 1% 
increase in CH4. 
 
 
8.SM.2 Natural Radiative Forcing Changes: Solar and Volcanic 
 
8.SM.2.1 TSI Variations Since Preindustrial Time 
 
 
Table 8.SM.1: Reconstruction of Total Solar Irradiance (W m–2) from Vieira et al. (2011). Series matching PMOD at 
1976 and between 1976 and 2011 values are substituted by PMOD data. PMOD is already matched to TIM at 2003. 
Year TSI Year TSI Year TSI 

1745 1360.41963     

1746 1360.42277     

1747 1360.39671     

1748 1360.62622     

1749 1360.90734     

1750 1360.92873     

1751 1360.82872 1851 1361.04306 1951 1361.19713 

1752 1360.71622 1852 1361.0773 1952 1361.25719 

1753 1360.68734 1853 1361.0052 1953 1361.10885 

1754 1360.61605 1854 1360.85739 1954 1360.94758 

1755 1360.53713 1855 1360.73137 1955 1361.04117 

1756 1360.52947 1856 1360.65543 1956 1361.39282 

1757 1360.58001 1857 1360.65743 1957 1361.86851 

1758 1360.56523 1858 1360.78464 1958 1362.34774 

1759 1360.18479 1859 1360.88036 1959 1362.09047 

1760 1360.11428 1860 1361.14299 1960 1362.0294 

1761 1360.81235 1861 1361.18878 1961 1361.73413 

1762 1360.87967 1862 1361.02265 1962 1361.29834 

1763 1360.7969 1863 1360.9699 1963 1361.20726 

1764 1360.77015 1864 1360.80378 1964 1361.07035 

1765 1360.53669 1865 1360.79503 1965 1360.98631 

1766 1360.57884 1866 1360.77546 1966 1361.01372 

1767 1360.66725 1867 1360.66178 1967 1361.32966 

1768 1361.04794 1868 1360.64683 1968 1361.55742 
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1769 1361.29242 1869 1360.88956 1969 1361.49251 

1770 1361.51797 1870 1360.72281 1970 1361.60293 

1771 1361.33057 1871 1361.11079 1971 1361.52787 

1772 1361.30971 1872 1361.01714 1972 1361.48148 

1773 1361.0439 1873 1361.03777 1973 1361.24829 

1774 1360.91624 1874 1360.92984 1974 1361.09827 

1775 1360.64981 1875 1360.81734 1975 1360.97256 

1776 1360.60225 1876 1360.71778 1976 1360.90646 

1777 1360.66458 1877 1360.68863 1977 1361.01683 

1778 1361.05031 1878 1360.63011 1978 1361.37899 

1779 1360.6797 1879 1360.60746 1979 1361.79164 

1780 1360.42494 1880 1360.64195 1980 1361.91109 

1781 1360.51047 1881 1360.87894 1981 1361.88633 

1782 1360.72436 1882 1360.78925 1982 1361.55552 

1783 1360.45186 1883 1360.70511 1983 1361.54358 

1784 1360.50096 1884 1361.0595 1984 1361.10936 

1785 1360.58973 1885 1360.94618 1985 1360.96418 

1786 1360.76577 1886 1360.82697 1986 1360.97111 

1787 1360.92449 1887 1360.69152 1987 1361.05984 

1788 1361.17469 1888 1360.65953 1988 1361.36771 

1789 1360.68725 1889 1360.62719 1989 1361.849 

1790 1360.50846 1890 1360.62668 1990 1361.79486 

1791 1360.51987 1891 1360.78478 1991 1361.76574 

1792 1360.55979 1892 1360.96103 1992 1361.54537 

1793 1360.45392 1893 1361.18518 1993 1361.24573 

1794 1360.46179 1894 1361.45384 1994 1361.088 

1795 1360.73056 1895 1361.30592 1995 1360.97615 

1796 1360.68651 1896 1361.09334 1996 1360.87825 

1797 1360.61358 1897 1360.90705 1997 1361.03642 

1798 1360.60313 1898 1360.83966 1998 1361.37468 

1799 1360.58322 1899 1360.80601 1999 1361.59444 

1800 1360.52728 1900 1360.72687 2000 1361.79853 

1801 1360.77306 1901 1360.6146 2001 1361.7408 

1802 1360.85932 1902 1360.58215 2002 1361.77545 

1803 1360.68805 1903 1360.66409 2003 1361.308 

1804 1360.63541 1904 1361.00602 2004 1361.09839 

1805 1360.59295 1905 1360.81171 2005 1360.92418 

1806 1360.66276 1906 1361.13113 2006 1360.83155 

1807 1360.51135 1907 1360.92365 2007 1360.72422 

1808 1360.45292 1908 1361.07309 2008 1360.66634 

1809 1360.45678 1909 1360.91725 2009 1360.65172 

1810 1360.42039 1910 1360.88464 2010 1360.85473 

1811 1360.40544 1911 1360.69538 2011 1361.06602 

1812 1360.40452 1912 1360.60179   

1813 1360.42309 1913 1360.62238   

1814 1360.46094 1914 1360.68608   

1815 1360.47597 1915 1361.02614   

1816 1360.54618 1916 1361.42676   

1817 1360.57668 1917 1361.55595   

1818 1360.5415 1918 1361.81444   



Second Order Draft Chapter 8 IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 8.SM-5 Total pages: 13 

1819 1360.53133 1919 1361.4594   

1820 1360.49646 1920 1361.21527   

1821 1360.45451 1921 1361.01861   

1822 1360.44724 1922 1360.83107   

1823 1360.43185 1923 1360.74954   

1824 1360.49649 1924 1360.71823   

1825 1360.5508 1925 1360.81606   

1826 1360.60875 1926 1361.07658   

1827 1360.79773 1927 1361.39145   

1828 1360.87169 1928 1361.16722   

1829 1360.88493 1929 1361.13545   

1830 1360.93948 1930 1361.27779   

1831 1360.93938 1931 1360.99105   

1832 1360.78572 1932 1360.81219   

1833 1360.67712 1933 1360.7209   

1834 1360.65075 1934 1360.73086   

1835 1360.68957 1935 1360.87177   

1836 1361.05533 1936 1361.42165   

1837 1361.32852 1937 1361.57663   

1838 1361.30317 1938 1361.51524   

1839 1361.13263 1939 1361.61805   

1840 1361.12796 1940 1361.43764   

1841 1360.98029 1941 1361.34311   

1842 1360.8863 1942 1361.1495   

1843 1360.83084 1943 1360.89022   

1844 1360.75526 1944 1360.85241   

1845 1360.73908 1945 1361.06793   

1846 1360.75644 1946 1361.10843   

1847 1360.47347 1947 1361.6089   

1848 1360.79665 1948 1361.99751   

1849 1361.24322 1949 1361.82813   

1850 1361.10688 1950 1361.72814   

 
 
8.SM.2.2 TSI Variations Since Maunder Minimum 
 
For the MM-to-present AR4 gives a RF range of 0.1–0.28 W m–2, equivalent to 0.08–0.22 W m–2 used here. 
The estimates based on irradiance changes in Sun-like stars were included in this range but are not included 
in the AR5 range because they are now considered incorrect: Baliunas and Jastrow (1990) found a bimodal 
separation between non-cycling MM-type stars with the lowest Ca II brightness, and the higher emission Ca 
II cycling stars. More recent surveys have not reproduced their results and suggest that the selection of the 
original set was flawed (Wright, 2004); also, stars in a MM-like state do not always exhibit Ca II emission 
brightness below that of solar minimum (Hall and Lockwood, 2004). 
 
The reconstructions in Schmidt et al. (2011) indicate a MM-to-present RF range of 0.08–0.18 W m-2, which 
is within the AR4 range although narrower. Gray et al. (2010) point out that choosing the solar activity 
minima years of 1700 (Maunder) or 1800 (Dalton) would substantially increase the solar RF with respect to 
1750-to-present while leaving the anthropogenic forcings essentially unchanged, and that these solar minima 
forcings would represent better the solar RF of the preindustrial era. 
 
Other recent estimates give various MM-to-present RF values: The analysis of Shapiro et al (2011) falls 
outside the range 0.08–0.18 W m–2 reported above: 0.78 W m–2. Studies of magnetic field indicators suggest 
that changes over the 19th and 20th centuries were more modest than those assumed in the Shapiro et al. 
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(2011) reconstruction (Lockwood and Owens, 2011; Svalgaard and Cliver, 2010). Also, analysis by Feulner 
(2011) indicate that temperature simulations driven by such a large solar forcing are inconsistent with 
reconstructed and observed historical temperatures, while use of a forcing in line with the range presented 
here are consistent. Hence we do not include this larger forcing within our assessed range. Schrijver et al. 
(2011) and Foukal et al. (2011) find a RF which is consistent with the RF range given above (0.08–0.18 W 
m–2). 
 
8.SM.2.3 Satellite Measurements 
 
Multiple space-based measurements made in the past 30 years (Brueckner et al., 1993; Rottman et al., 1993) 
show SC variations of ~50% at ~120 nm, ~10% near 200 nm and ~3% near 300 nm. The UV variations 
account for ~30% of the SC TSI variations, while ~70% are produced by the visible and infrared (Rottman, 
2006). AR4, based also on these measurements, reported changes along the SC of ~1.3% at 200 to 300 nm 
and ~0.2% at 315 to 400 nm. The Spectral Irradiance Monitor (SIM) on board of the Solar Radiation and 
Climate Experiment (SORCE) measurements (Harder et al., 2009) suggest that over SC 23 declining phase, 
the 200–400 nm UV flux decreased by ~10 times more than expected from prior observations and model 
calculations and in phase with the TSI trend, while surprisingly the visible presents an opposite trend. 
However, SIM’s solar spectral irradiance measurements from April 2004 to December 2008 and inferences 
of their climatic implications are incompatible with the historical solar UV irradiance database, coincident 
solar proxy data, current understanding of the sources of solar irradiance changes, and empirical climate 
change attribution results, but are consistent with known effects of instrument sensitivity drifts; thus what 
seems to be needed is improved characterization of the SIM/SORCE observations and extreme caution in 
studies of climate and atmospheric change (Haigh et al., 2010) until additional validation and uncertainty 
estimates are available (DeLand and Cebula, 2012; Lean and DeLand, 2012). 
 
8.SM.3 Synthesis (Global Mean Temporal Evolution) 
 
8.SM.3.1 Summary of Radiative Forcing by Species and Uncertainties 
 
 
Table 8.SM.2: Radiative forcing (RF) by emitted components as shown in Figure 8.17c. The RF values are made 
consistent with Table 8.9. For emissions of CO2, CH4, CO, NMVOC and NOX the influence on CO2, CH4 and ozone the 
values are based on Stevenson et al. (2012). The split between NOX and NH3 of 40/60 on the RF of nitrate is from 
Shindell et al. (2009). The BC and OC from biomass burning is set to +0.2 and –0.2, respectively and thus a net RF of 
biomass burning of 0.0 in line with Table 8.9. BC ari is RF of BC from aerosol-radiation interaction, formerly denoted 
as direct aerosol effect. Unlike in AR4 (Table 2.13) the N2O influence on RF of ozone has been set to zero, due to 
insufficient quantification of this and particularly the vertical profile of the ozone change. 
 CO2 CH4 N2O CFCs/HCFCs HFCs/PFCs/SF6 BC ari BC snow OC O3 H2O(S) Nitrate Sulphate Aerosol-cloud interaction Total 

Components emitted               

CO2 1.68             1.680 

CH4 0.018 0.651       0.233 0.07    0.972 

N2O   0.17      0     0.170 

CFCs/HCFCs/Halons    0.33     -0.20     0.130 

HFCs/PFCs/SF6     0.03         0.030 

CO 0.087 0.067       0.075     0.229 

NMVOC 0.033 0.026       0.0455     0.105 

NOX  -0.26       0.15  -0.06   -0.170 

NH3           -0.09 0.01  -0.080 

BC      0.5 0.04       0.540 

OC        -0.24      -0.240 

SO2            -0.41  -0.410 

Aerosols             -0.3 -0.300 

SUM 1.82 0.48 0.17 0.33 0.03 0.50 0.04 -0.24 0.30 0.07 -0.15 -0.40 -0.30  

 
 
8.SM.4 Emission Metrics 
 
8.SM.4.1 Equations for the Global Warming Potential (GWP) 
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The Absolute Global Warming Potential (AGWP) is the time-integrated radiative forcing due to a 1 kg pulse 
emission of gas i (usually in W m–2 kg–1year). The Global Warming Potential (GWP) for gas i is obtained by 
dividing the AGWPi by the AGWP of a reference gas, normally CO2: 
 

 

 
where H is the time horizon, RFi is the radiative forcing due to a pulse emission of a gas i given by RFi= Ai 
Ri where Ai is the RFi per unit mass increase in atmospheric abundance of species i (radiative efficiency), and 
Ri is the fraction of species i remaining in the atmosphere after the pulse emissions. For most species, Ri is 
based on a simple exponential decay, 
 

exp  

 
where τi is the lifetime and thus, for these species, 
 

1 exp  

 
The AGWP for CO2 is more complicated, because its atmospheric response time (or lifetime of a 
perturbation) cannot be represented by a simple exponential decay (Joos et al., 2012). The decay of a 
perturbation of atmospheric CO2 following a pulse emission at time t is usually approximated by a sum of 
exponentials (Forster et al., 2007; Joos et al., 2012): 
 

exp  

 
The AGWPCO2 is then (Shine et al., 2005): 
 

  1 exp

I

 

 
8.SM.4.2 Equations for the Global Temperature Change Potential (GTP) 
 
The AGTP can be represented as (Boucher and Reddy, 2008; Fuglestvedt et al., 2010): 
 

 

 
where RT is the climate response to a unit forcing and can be represented as a sum of exponentials, 
 

exp  

 
where the parameters ci

 are the components of the climate sensitivity and di are response times. The first term 
in the summation can crudely be associated with the response of the ocean mixed-layer to a forcing and the 
higher order terms the response of the deep ocean (Li and Jarvis, 2009). The equilibrium climate sensitivity 
is given by the equilibrium response to a sustained unit forcing, λ=Σ ci. 
 
The simplest form of RT is a single response term (M=1) (Shine et al. 2005; Olivié et al., 2012). A better 
representation of the climate response, however, is two or three terms (M=2, 3) (Boucher and Reddy, 2008; 
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Li and Jarvis, 2009; Olivié et al., 2012). We use RT from Boucher and Reddy (2008) which assumes two 
exponential terms and is based on the HadCM3 model (Table 8.SM.1). 
 
 
Table 8.SM.3: Parameter values for the response to a pulse of radiative forcing used in the AGTP calculations. 
 First Term Second Term 

cj (K(W m–2)–1) 0.631 0.429 

dj (years) 8.4 409.5 

 
 
Using the equations above, the AGTP with a time horizon H for the non-CO2 greenhouse gases: 
 

exp exp  

 
and the AGTP for CO2 is 
 

1 exp exp exp  

 
8.SM.4.3 Indirect Effects of Methane 
 
The GWP for CH4 in AR4 included the OH feedback as well as effects on tropospheric O3 and stratospheric 
H2O. These effects were included by increasing the direct RF from CH4 by 25% (due to tropospheric O3) and 
15% (due to stratospheric H2O). New studies provide updated values and include more effects. By 
accounting for aerosol responses, Shindell et al. (2009) found that the GWP for CH4 increased by ~40% 
while Collins et al. (2010) found that the GTP for methane increased by 5–30% when the effect of O3 on 
CO2 was included. Boucher et al. (2009) included the effect of CO2 from oxidation of methane from fossil 
sources and calculate a GWP100 higher than given in AR4 (27–28 versus 25). They found that CO2 oxidation 
had a larger effect on GTP values and this effect was larger than the direct CH4 effect for time horizons 
beyond 100 years. 
 
In AR5 we use updated estimates for the indirect effects of CH4 on tropospheric O3; 48% ( Sections see 8.3.3 
and 8.5.1). Thus, we increase the direct RF of CH4 by 63% to account for RF from both tropospheric O3 and 
stratospheric H2O. We also present metric values for CH4 of fossil origin (based on Boucher et al., 2009; 
Table 8.SM.1). If these metric values are used the carbon emitted as CH4 must not be included in the CO2 
emissions (which are often based on total carbon content). 
 
8.SM.4.4 The Reference Gas CO2 
 
The metric values need updating due to new scientific knowledge, but also due to changes in lifetimes and 
radiative efficiencies caused by changing atmospheric background conditions (Peters et al., 2012; Reisinger 
et al., 2011). For the reference gas CO2, changes in AGWPCO2 and AGTPCO2 will affect the GWP and GTP of 
all other gases. With increasing CO2 levels in the atmosphere the marginal radiative forcing is reduced, while 
at the same time the ocean uptake is reduced and airborne fraction increased (Caldeira and Kasting, 1993). 
These changes are in opposite directions, but do not totally cancel, and hence lead to changes in AGWPCO2 
and AGTPCO2. 
 
The radiative forcing for CO2 can be approximated using the expression based on radiative transfer models 
(Myhre et al., 1998): 
 

log
∆
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where α=5.35, C0 is the reference concentration and ∆C is the change from the reference. The radiative 
efficiency is the change in RF for a change in the atmospheric abundance, 
 

∆
∆

log ∆

∆  

 
or if ∆C→0 then the derivative can be used 
 

∆ ∆
 

 
At current CO2 levels (390 ppm) and for ∆C=1 ppm, the radiative efficiency (RE) of CO2 is 1.37 × 10–05 W 
m–2 ppb–1. The difference between using ∆C = 1 ppm and the derivate is 0.13% (Aamaas et al., 2012). 
To convert the RE values given per ppbv values to per kg, they must be multiplied by (MA/Mi)(109/TM) 
where MA is the mean molecular weight of air (28.97 kg kmol−1), Mi is the molecular weight of species i, and 
TM is the total mass of the atmosphere, 5.14 × 1018 kg (Aamaas et al., 2012; Shine et al., 2005). For CO2, 
using a molecular weight of 44.01 kg kmol−1, the RE becomes 1.75 × 10–15 W m–2kg–1. 
 
The Impulse Response Function has been updated from AR4 (see footnote a) to Table 2.14 in AR4). Figure 
8.SM.3 shows the IRFs from the four previous IPCC assessment reports and the new IRF used in AR5 
(which is based on Joos et al., 2012). 
 

 

 
Figure 8.SM.3: The Impulse Response Functions (IRFs) from the five IPCC Assessment Reports. The FAR IRF 
(dotted) is based on an unbalanced carbon-cycle model (ocean only) and thus is not directly comparable to the others. 
The SAR IRF is based on the CO2 response of the Bern model (Bern-SAR), an early generation reduced-form carbon 
cycle model (Joos et al., 1996), and uses a 10GtC pulse emission into a constant background without temperature 
feedbacks (Enting et al., 1994). The IRF was not updated for TAR, but a different parameterisation was used in 
WMO/UNEP Scientific Assessment of Ozone Depletion (1998). The AR4 IRF is based on the Bern2.5CC Earth System 
Model of Intermediate Complexity (EMIC) (Plattner et al., 2008). A pulse size of 40 GtC is used and includes 
temperature feedbacks. The AR5 IRF is based on a model intercomparison and uses a pulse size of 100GtC and 
includes temperature feedbacks (Joos et al., 2012). Apart from FAR, the increasing IRF in each assessment report 
represents increasing background concentrations and improved models. 
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In the multi-model exercise by Joos et al. (2012), the multi-model mean RCO2 over the first 1000 years is fitted by a sum 
of exponentials (see equation above) leading to a0 = 0.21787, a1 = 0.22896, a2 = 0.28454, a3 = 0.26863 and the time 
constants τ1 = 381.33 yr, τ2 = 34.785 yr, and τ3 = 4.1237 yr. 
Joos et al. (2012) find the best estimate and uncertainty ranges for the time integrated IRF and AGWP (Table 8.SM.2). 
The uncertainty range on RE is taken as 10% and a background atmospheric concentration of 389 ppm was used by 
Joos et al. (2012). 
 
 
Table 8.SM.4: Mean and uncertainty range for the time-integrated IRF and AGWP (Joos et al, 2012). 
 20 Year 100 Year 

Time-integrated IRF (yr)   

 Mean 14.3 52.4 

 5–95% Range 12.5–16.0 39.6–65.2 

AGWP (10–15 yr W m–2 kg–1)   

 Mean 25.2 92.7 

 5–95% Range 22.1–28.3 70.1–115 

 
 
In previous IPCC assessments, GWP values were given for 20, 100 and 500 year time horizons, while here 
we only use 20 and 100 years. Instead of using GWP values for 500 years we show the response to emissions 
of some extremely long-lived gases such as PFCs (see Figure 8.SM.4). Once these gases are emitted they 
stay in the atmosphere and contribute to warming on very long time scales (99% of an emission of PFC-14 is 
still in the atmosphere after 500 years). For comparison we also include gases with lifetimes of the order of 
centuries down to a decade. A 1 kg pulse of SF6 has a temperature effect after 500 years that is almost 
40,000 times larger than that of CO2. The corresponding numbers for CF4 and C2F6 are 14,000 and 23,000, 
respectively. There are large uncertainties related to temperature responses (as well as the CO2 response) on 
time-scales of centuries, but these results nevertheless indicate the persistence and long-lived warming 
effects of these gases. 
 
One reason for not using a time horizon of 500 years is the increasing uncertainty in radiative efficiency, 
carbon uptake, and ambiguity in the interpretation of GWP500, especially for gases with short adjustment 
times relative to the timescale of the CO2 perturbation. As explained in Section 8.7.1.2, the GWP gives the 
ratio of two integrals – one of a pulse of a non-CO2 gas which decays to zero and that of the CO2 response 
for which 20–40% of a pulse remains in the atmosphere for centuries. Figure 8.SM.4 also shows that the 
temperature response to a pulse of the relatively short-lived HFC-134a is close to zero for several centuries 
before the 500 year time horizon, while the GWP500 is 385. This example highlights how the integrated 
nature of GWP means that the GWP value at a particular time may give misleading information about the 
climate impacts at that time as the time scale used in the GWP becomes very different from the residence 
time of the emitted compound. 
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Figure 8.SM.4: Temperature response due to 1-kg pulse emissions of greenhouse gases with a range of lifetimes (given 
in parentheses). Calculated with a temperature impulse response function taken from Boucher and Reddy (2008) which 
has a climate sensitivity of 1.06 K (W m–2)–1, equivalent to a 3.9 K equilibrium response to 2 x CO2. (Unit for carbon 
dioxide is kg CO2). 
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