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from the WMGHGs over the last 15 years has been dominated by CO2. 
Since AR4, CO2 has accounted for more than 80% of the WMGHG RF 
increase. The interannual variability in the rate of increase in the CO2 
RF is due largely to variation in the natural land uptake whereas the 
trend is driven by increasing anthropogenic emissions (see Figure 6.8 
in Section 6.3.1).

As described in Section 8.1.1.3, CO2 can also affect climate through 
physical effects on lapse rates and clouds, leading to an ERF that will 
be different from the RF. Analysis of CMIP5 models (Vial et al., 2013) 
found a large negative contribution to the ERF (20%) from the increase 
in land surface temperatures which was compensated for by positive 
contributions from the combined effects on water vapour, lapse rate, 
albedo and clouds. It is therefore not possible to conclude with the 
current information whether the ERF for CO2 is higher or lower than 
the RF. Therefore we assess the ratio ERF/RF to be 1.0 and assess our 
uncertainty in the CO2 ERF to be (–20% to 20%). We have medium 
confidence in this based on our understanding that the physical pro-
cesses responsible for the differences between ERF and RF are small 
enough to be covered within the 20% uncertainty.

There are additional effects mediated through plant physiology, reduc-
ing the conductance of the plant stomata and hence the transpiration 
of water. Andrews et al. (2012b) find a physiological enhancement of 
the adjusted forcing by 3.5% due mainly to reductions in low cloud. 
This is smaller than a study with an earlier model by Doutriaux-Bouch-
er et al. (2009) which found a 10% effect. Longer-term impacts of 
CO2 on vegetation distributions also affect climate (O’ishi et al., 2009; 
Andrews et al., 2012b) but because of the longer time scale we choose 
to class these as feedbacks rather than rapid adjustments.

8.3.2.2 Methane

Globally averaged surface CH4 concentrations have risen from 722 ± 
25 ppb in 1750 to 1803 ± 2 ppb by 2011 (see Section 2.2.1.1.2). Over 
that time scale the rise has been due predominantly to changes in 
anthropogenic-related CH4. Anthropogenic emissions of other com-
pounds have also affected CH4 concentrations by changing its remov-
al rate (Section 8.2.3.3). Using the formula from Myhre et al. (1998) 
(see Supplementary Material Table 8.SM.1) the RF for CH4 from 1750 
to 2011 is 0.48 ± 0.05 W m–2, with an uncertainty dominated by the 
radiative transfer calculation. This increase of 0.01 W m–2 since AR4 is 
due to the 29 ppb increase in the CH4 mixing ratio. This is much larger 
than the 11 ppb increase between TAR and AR4, and has been driven 
by increases in net natural and anthropogenic emissions, but the rel-
ative contributions are not well quantified. Recent trends in CH4 and 
their causes are discussed in Sections 2.2.1.1.2 and 6.3.3.1. CH4 con-
centrations do vary with latitude and decrease above the tropopause; 
however, this variation contributes only 2% to the uncertainty in RF 
(Freckleton et al., 1998).

In this section only the direct forcing from changing CH4 concentrations 
is addressed. CH4 emissions can also have indirect effects on climate 
through impacts on CO2, stratospheric water vapour, ozone, sulphate 
aerosol and lifetimes of HFCs and HCFCs (Boucher et al., 2009; Shindell 
et al., 2009; Collins et al., 2010). Some of these are discussed further in 
Sections 8.3.3, 8.5.1 and 8.7.2.

8.3.2.3 Nitrous Oxide

Concentrations of nitrous oxide have risen from 270 ± 7 ppb in 1750 to 
324.2 ± 0.1 ppb in 2011, an increase of 5 ppb since 2005 (see Section 
2.2.1.1.3). N2O now has the third largest forcing of the anthropogenic 
gases, at 0.17 ± 0.03 W m–2 an increase of 6% since 2005 (see Table 

Figure 8.6 |  (a) Radiative forcing (RF) from the major well-mixed greenhouse gases 
(WMGHGs) and groups of halocarbons from 1850 to 2011 (data from Tables A.II.1.1 
and A.II.4.16), (b) as (a) but with a logarithmic scale, (c) RF from the minor WMGHGs 
from 1850 to 2011 (logarithmic scale). (d) Rate of change in forcing from the major 
WMGHGs and groups of halocarbons from 1850 to 2011.

Figure 8.6 | (a) Radiative forcing (RF) from the major well-mixed 
greenhouse gases (WMGHGs) and groups of halocarbons, 
1850-2011, (b) as (a) but with a log scale, (c) RF from minor 
WMGHGs, 1850-2011 (log scale). (d) Rate of change in forcing from 
the major WMGHGs and groups of halocarbons, 1850-2011. 

(IPCC AR5, 2013)

Radiative forcing (RF)



Global Warming Science 101,  Greenhouse, Camille Hankel & Eli Tziperman

RF is the net change in the energy balance of the Earth 
due to greenhouse gas increase, in watts/m^2.

More specifically: (IPCC AR5, 2013)

RF: the change in net downward radiative flux at the 
tropopause after allowing for stratospheric temperatures 
to readjust to radiative equilibrium, while holding surface 
and tropospheric temperatures, and water vapor and 
cloud cover, fixed at the unperturbed values.

8

Anthropogenic and Natural Radiative Forcing Chapter 8

677

from the WMGHGs over the last 15 years has been dominated by CO2. 
Since AR4, CO2 has accounted for more than 80% of the WMGHG RF 
increase. The interannual variability in the rate of increase in the CO2 
RF is due largely to variation in the natural land uptake whereas the 
trend is driven by increasing anthropogenic emissions (see Figure 6.8 
in Section 6.3.1).

As described in Section 8.1.1.3, CO2 can also affect climate through 
physical effects on lapse rates and clouds, leading to an ERF that will 
be different from the RF. Analysis of CMIP5 models (Vial et al., 2013) 
found a large negative contribution to the ERF (20%) from the increase 
in land surface temperatures which was compensated for by positive 
contributions from the combined effects on water vapour, lapse rate, 
albedo and clouds. It is therefore not possible to conclude with the 
current information whether the ERF for CO2 is higher or lower than 
the RF. Therefore we assess the ratio ERF/RF to be 1.0 and assess our 
uncertainty in the CO2 ERF to be (–20% to 20%). We have medium 
confidence in this based on our understanding that the physical pro-
cesses responsible for the differences between ERF and RF are small 
enough to be covered within the 20% uncertainty.

There are additional effects mediated through plant physiology, reduc-
ing the conductance of the plant stomata and hence the transpiration 
of water. Andrews et al. (2012b) find a physiological enhancement of 
the adjusted forcing by 3.5% due mainly to reductions in low cloud. 
This is smaller than a study with an earlier model by Doutriaux-Bouch-
er et al. (2009) which found a 10% effect. Longer-term impacts of 
CO2 on vegetation distributions also affect climate (O’ishi et al., 2009; 
Andrews et al., 2012b) but because of the longer time scale we choose 
to class these as feedbacks rather than rapid adjustments.

8.3.2.2 Methane

Globally averaged surface CH4 concentrations have risen from 722 ± 
25 ppb in 1750 to 1803 ± 2 ppb by 2011 (see Section 2.2.1.1.2). Over 
that time scale the rise has been due predominantly to changes in 
anthropogenic-related CH4. Anthropogenic emissions of other com-
pounds have also affected CH4 concentrations by changing its remov-
al rate (Section 8.2.3.3). Using the formula from Myhre et al. (1998) 
(see Supplementary Material Table 8.SM.1) the RF for CH4 from 1750 
to 2011 is 0.48 ± 0.05 W m–2, with an uncertainty dominated by the 
radiative transfer calculation. This increase of 0.01 W m–2 since AR4 is 
due to the 29 ppb increase in the CH4 mixing ratio. This is much larger 
than the 11 ppb increase between TAR and AR4, and has been driven 
by increases in net natural and anthropogenic emissions, but the rel-
ative contributions are not well quantified. Recent trends in CH4 and 
their causes are discussed in Sections 2.2.1.1.2 and 6.3.3.1. CH4 con-
centrations do vary with latitude and decrease above the tropopause; 
however, this variation contributes only 2% to the uncertainty in RF 
(Freckleton et al., 1998).

In this section only the direct forcing from changing CH4 concentrations 
is addressed. CH4 emissions can also have indirect effects on climate 
through impacts on CO2, stratospheric water vapour, ozone, sulphate 
aerosol and lifetimes of HFCs and HCFCs (Boucher et al., 2009; Shindell 
et al., 2009; Collins et al., 2010). Some of these are discussed further in 
Sections 8.3.3, 8.5.1 and 8.7.2.

8.3.2.3 Nitrous Oxide

Concentrations of nitrous oxide have risen from 270 ± 7 ppb in 1750 to 
324.2 ± 0.1 ppb in 2011, an increase of 5 ppb since 2005 (see Section 
2.2.1.1.3). N2O now has the third largest forcing of the anthropogenic 
gases, at 0.17 ± 0.03 W m–2 an increase of 6% since 2005 (see Table 

Figure 8.6 |  (a) Radiative forcing (RF) from the major well-mixed greenhouse gases 
(WMGHGs) and groups of halocarbons from 1850 to 2011 (data from Tables A.II.1.1 
and A.II.4.16), (b) as (a) but with a logarithmic scale, (c) RF from the minor WMGHGs 
from 1850 to 2011 (logarithmic scale). (d) Rate of change in forcing from the major 
WMGHGs and groups of halocarbons from 1850 to 2011.

Figure 8.6 | (a) Radiative forcing (RF) from the major well-mixed 
greenhouse gases (WMGHGs) and groups of halocarbons, 
1850-2011, (b) as (a) but with a log scale, (c) RF from minor 
WMGHGs, 1850-2011 (log scale). (d) Rate of change in forcing from 
the major WMGHGs and groups of halocarbons, 1850-2011. 

(IPCC AR5, 2013)

Radiative forcing (RF)



Global Warming Science 101,  Greenhouse, Camille Hankel & Eli Tziperman

8

Anthropogenic and Natural Radiative Forcing Chapter 8

701

reduced emissions of all aerosols and aerosol precursors other than 
ammonia. Aerosol ERF shows a large positive value at 2100 relative 
to 2000, nearly returning to its 1850 levels (the 2100 versus 1850 ERF 
represents a decrease in ERF of 91% relative to the 2000 versus 1850 
value), as is expected given the RCP emissions. Thus although some 
models project large increases in nitrate RF in the future, the reduc-
tion in overall aerosol loading appears to lead to such a strong reduc-
tion in aerosol ERF that the impact of aerosols becomes very small 
under these RCPs. Of course the projections of drastic reductions in 
primary aerosol as well as aerosol and ozone precursor emissions may 
be overly optimistic as they assume virtually all nations in the world 
become wealthy and that emissions reductions are directly dependent 
on wealth. The RCPs also contain substantially lower projected growth 
in HFC emissions than in some studies (e.g., Velders et al., 2009).

Although aerosol ERF becomes less negative by nearly 1 W m–2 from 
2000 to 2100, this change is still small compared with the increased 
WMGHG forcing under RCP8.5, which is roughly 6 W m–2 during this 
time (Figure 8.21). Roughly 5 W m–2 of this WMGHG forcing comes 
from CO2, with substantial additional forcing from increases in both 
CH4 and nitrous oxide and only a very small negative forcing from 
reductions in halocarbons. Under RCP2.6, the WMGHG forcing is 
only about 0.5 W m–2 during this time, as relatively strong decreases 
in CH4 and halocarbon forcing offset roughly 40% of the increased 
CO2 forcing, which is itself far less than under RCP8.5. Hence under 
this scenario, the projected future forcing due to aerosol reductions is 
actually stronger than the WMGHG forcing. Viewing the timeseries of 
the various forcings, however, indicates that aerosol ERF is returning 
to its pre-industrial levels, so that net forcing becomes increasingly 
dominated by WMGHGs regardless of scenario during the 21st cen-
tury (Figure 8.22). As the forcing is so heavily dominated by WMGHGs 
at 2100, and the WMGHG concentrations (CO2) or emissions (others) 
were chosen to match forcing targets, all the scenarios show net forc-
ing values at that time that are fairly close to the scenarios’ target 
values. The reduced aerosol forcing, with its large uncertainty, leads 
to a pronounced decrease in the uncertainty of the total net forcing 
by 2100. Based on the spread across ACCMIP models (using ERF for 
aerosols and converting to ERF for GHGs), the 90% confidence interval 
(CI) is about 20% for the 2100 net forcing, versus 26% for 2030 under 
RCP8.5 and 45–61% for 1980 and 2000 (Shindell et al., 2013c). The 
total ERF due to all causes has been independently estimated based 
on the transient response in the CMIP5 models and a linear forc-
ing-response relationship derived through regression of the modelled 
response to an instantaneous increase in CO2 (Forster et al., 2013). 
Uncertainties based on model spread behave similarly, with the 90% 
CI for net total ERF decreasing from 53% for 2003 to only 24 to 34% 
for 2100. Forcing relative to 2000 due to land use (via albedo only) and 
stratospheric water vapor changes are not shown separately as their 
projected values under the four RCPs are quite small: –0.09 to 0.00 and 
–0.03 to 0.10 W m–2, respectively.

The CMIP5 forcing estimates (Forster et al., 2013) for the total project-
ed 2030 and 2100 ERF are slightly smaller than the results obtained 
from the ACCMIP models (or the RCP targets; see Section 12.3.3). 
Examining the subset of models included in both this regression anal-
ysis and in ACCMIP shows that the ACCMIP subset show forcings on 
the low side of the mean value obtained from the full set of CMIP5 

analyzed, indicating that the discrepancy between the methods is not 
related to analysis of a different set of models. Instead, it may reflect 
nonlinearities in the response to forcing that are not represented by 
the regression analysis of the response to abrupt CO2 increase experi-
ments (Long and Collins, 2013) or differences in the response to other 
forcing agents relative to the response to CO2 used in deriving the 
CMIP5 estimates (see also 12.3.3).

Natural forcings will also change in the future. The magnitudes cannot 
be reliably projected, but are likely to be small at multi-decadal scales 
(see Section 8.4). Brief episodic volcanic forcing could be large,  however.
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Figure 8.21 |  Radiative forcing relative to 2000 due to anthropogenic composition 
changes based on ACCMIP models for aerosols (with aerosol ERF scaled to match 
the best estimate of present-day forcing) and total ozone and RCP WMGHG forcings. 
Ranges are one standard deviation in the ACCMIP models and assessed relative uncer-
tainty for WMGHGs and stratospheric water vapor. Carbonaceous aerosols refer to pri-
mary carbonaceous, while SOA are secondary organic aerosols. Note that 2030 ERF for 
RCP2.6 was not available, and hence the total shown for that scenario is not perfectly 
comparable to the other total values. RFari is RF due to aerosol–radiation interaction.

Figure 8.22 |  Global mean anthropogenic forcing with symbols indicating the times at 
which ACCMIP simulations were performed (solid lines with circles are net; long dashes 
with squares are ozone; short dashes with diamonds are aerosol; dash-dot are WMGHG; 
colours indicate the RCPs with red for RCP8.5, orange RCP6.0, light blue RCP4.5, and 
dark blue RCP2.6). RCPs 2.6, 4.5 and 6.0 net forcings at 2100 are approximate values 
using aerosol ERF projected for RCP8.5 (modified from Shindell et al., 2013c). Some 
individual components are omitted for some RCPs for visual clarity.

Figure 8.22 | Global mean anthropogenic forcing with symbols indicating the times at 
which ACCMIP simulations were performed (solid lines with circles are net; long 
dashes with squares are ozone; short dashes with diamonds are aerosol; dash-dot are 
WMGHG; colors: RCPs with red for RCP8.5, orange RCP6.0, light blue RCP4.5, 
and dark blue RCP2.6). RCPs 2.6, 4.5 and 6.0 net forcings at 2100 are approximate 
values using aerosol ERF projected for RCP8.5 (modified from Shindell et al., 2013c). 
Some individual components are omitted for some RCPs for visual clarity. 

Representative Concentration Pathway (RCP)

Future scenarios. 
RCP8.5: worst-case 
scenario/ business 
as usual

(IPCC AR5, 2013)
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Workshop #1: 
Observed and projected increase in greenhouse gasses 
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Observations & projections of CO2 concentration 
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Figure 2.1: CO2 time series. 
Annually averaged CO2 concentration, observed and projected according to 
different RCP scenarios. 
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Figure 8.5 (above) Time evolution of global-averaged mixing ratio of long-lived 
species1850–2100 following each RCP; blue (RCP2.6), light blue (RCP4.5), orange 
(RCP6.0) and red (RCP8.5). (Meinshausen et al., 2011b) 
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Historical & projected concentrations

worse than RCP8.5 
business as usual 
considered in 2011
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to worse case scenario
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Energy balance: Albedo, greenhouse
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Notes sections 2.1.1, 2.1.2, 2.1.3: 
Energy balance, 2-layer model, continuous temperature 

profile and level of last absorption 

(use next three slides)
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Step 1: no atmosphere!! 
Energy balance of the Earth
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.PMFDVMFT DBO BCTPSC QIPUPOT XJUI FOFSHZ JO B CSPBEFS SBOHF BSPVOE UIF QSF�
DJTF FOFSHJFT DPSSFTQPOEJOH UP USBOTJUJPOT CFUXFFO QBJST PG NPMFDVMBS FOFSHZ
MFWFMT EVF UP UXP NBJO FĎFDUT� ĉF ėSTU JT QSFTTVSF CSPBEFOJOH XIJDI NBZ PDDVS
XIFO UXP NPMFDVMFT DPMMJEF XIJMF POF PG UIFN JT BCTPSCJOH B QIPUPO� *O UIBU
DBTF BT POF NPMFDVMF BCTPSCT UIF QIPUPO TPNF FYDFTT FOFSHZ DBO CF USBOT�
GFSSFE UP�GSPN UIF DPMMJEJOHNPMFDVMF BMMPXJOH UIF BCTPSCJOHNPMFDVMF UP SFUBJO
FYBDUMZ UIF FOFSHZOFFEFE GPS BO FOFSHZ�MFWFM USBOTJUJPO�"T B SFTVMU UIF BCTPSCFE
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Shortwave radiation: 
arriving from the sun 

Longwave radiation: 
heat released by Earth
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SW=LW

Reflected
shortwave

Surface

• Energy conservation: incoming SW 
radiation to Earth = outgoing LW 
radiation to space 

• Incoming SW  

•  = albedo = proportion SW reflected 
• Outgoing LW  
• Set incoming = outgoing —> solve for T

=
So

4
(1 − α)

α
= σT4

Step 1: no atmosphere!! 
Energy balance of the Earth
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SW=LW

Surface

Reflected
shortwave

Outgoing
long wave
LW=σTA4

Incoming 
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• Add an atmospheric layer (because gases 
in the real atmosphere absorb radiation): 
transparent to SW, absorbs/emits LW 

• LW radiation emitted from surface is 
“trapped” (absorbed and re-emitted) by 
atmosphere 

• Two unknowns: surface temperature T and 
(mid) atmospheric temperature . Two 
equations (energy balance at surface, and 
at mid-atmosphere) 

• Do the calculations (see notes) and result: 
surface temperature increases!  

• This is the “greenhouse effect” 

θ

Step 2: add a 1-layer atmosphere 
The Greenhouse Effect
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non-radiative heat fluxes that maintain the atmospheric vertical temperature
profile, as will be discussed in section 7.2.

SW>LW

Temperature

(b)
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long wave
LW=σT4

SW=LW
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SW=LW

emission 
height
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Figure 2.3: The emission height (dash blue horizontal lines) and the lapse
rate (solid grin) (a) before CO2 increase, (b) immediately after CO2 in-
crease but before temperature adjustment, and (c) after the atmospheric
temperature adjusts. Red dots at bottom of each panel denote the surface
temperature and the emission temperature. Note that after the warming
(panel c), the new emission temperature at the raised emission level is
equal to the original emission temperature at the lower original emission
level, thus balancing the incoming SW radiation again. See text for further
details.

2.3 Greenhouse gasses
2.3.1 Wavelength-dependent black-body radiation

While we have been treating the outgoing radiation so far as a single entity,
it is made of different wavelengths of electromagnetic radiation. The Earth
emits from the surface approximately like a black body with a temperature
of 288K or so (blue curve in Fig. 2.4a), while the sun radiates as a black
body of a much higher temperature (red curve), where both curves follow
Planck’s Law,

B(l ,T ) = 2hc2

l 5
1

e
hc

lkBT �1
. (2.4)

• Level of last absorption: where most of the radiation emitted upward escapes to space, 
without getting absorbed again 

• Increasing greenhouse gas —> raising level of last absorption —> Earth radiates from a 
colder temperature —> Energy balance is broken: LW < SW —> temperature must adjust

Step 3: add a continuous atmospheric temperature profile 
The Greenhouse Effect
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Workshop #2: 
2-layer energy balance model
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How greenhouse gasses work: 
wavelength-dependent radiation & molecular energy levels
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How greenhouse gasses work: 
wavelength-dependent radiation & molecular energy levels
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Planck's law of black-body radiation: 
  

B(𝜆,T)d𝜆 is the energy per area/ time/ angle emitted between wavelengths 𝜆 & 
𝜆+d𝜆; T=temperature; h=Planck's const; c=speed of light; k=Boltzmann's const.  

Total emitted radiation per area/ time: σT4 Stefan–Boltzmann constant: 
σ = 5.670367×10−8 W⋅m−2⋅K−4

– Doppler broadening: the thermal motion of molecules leads to a shift in the
frequency of emitted/ absorbed photons due to the Doppler e↵ect.

• The “Global Warming Potential” (GWP) of a greenhouse gas is its forcing e↵ect relative
to that of CO2, taking into account both its lifetime and its strength as an absorber,
over a specified time horizon (TH). From Wikipedia, the GWP of a gas x is,

GWP (x) =

R
TH

0 ax ·
⇥
x(t)

⇤
dt

R
TH

0 ar ·
⇥
r(t)

⇤
dt

,

where [x(t)] is the time-dependent decay in abundance of the substance and [r(t)] that
of CO2; ax is the radiative forcing per 1 kg (W/m2/kg). E.g., methane (CH4) is a
significantly stronger absorber than CO2, but has a shorter lifetime in the atmosphere
(12 years) than CO2 (thousands of years).

4 How greenhouse gasses work: wavelength-dependent
absorption

While we have been treating the outgoing radiation in sections 2.1, 2.2 and 2.3 as a single
entity, it is made of di↵erent wavelengths of electromagnetic radiation. The Earth emits
from the surface approximately like a black body (Figure 3a), according to Planck’s Law,

B(�, T ) =
2hc2

�5

1

e
hc

�kBT � 1
. (1)

Here, kB = 1.38064852⇥ 10�23 m2 kg s�2 K�1 is the Boltzmann constant, h = 6.62607004⇥
10�34 m2kg/s the Planck constant, c = 3 ⇥ 108 m/s the speed of light, � the radiation
wavelength, and T is the black body temperature. The integral of the Planck function over
all wavelengths yields the total outgoing radiation, �T 4, used previously.

There are di↵erent energy levels a molecule can be in, depending on which rotation and
vibration modes are excited. A photon of frequency ⌫ has an energy h⌫ and a wavelength
� = c/⌫, and may be able to deliver the amount of energy needed to cause the molecule to
jump between certain energy levels, and thus be absorbed by the molecule. Figure 3b shows
wavelength bands where the OLR is significantly below the 280K black body curve for the
Earth surface temperature, where di↵erent greenhouse gases absorb outgoing radiation, thus
reducing the total OLR. The absorption from 400–600 cm�1 and beyond 1200 cm�1 is due
to water vapor which is the dominant greenhouse gas, responsible for approximately 50%
of the Earth longwave greenhouse e↵ect (Schmidt, 2010). The absorption from 1000–1100
cm�1 is due to ozone, and that around 600–800 cm�1 is due to CO2.

Logarithmic dependence of absorption and temperature on CO2 concentration.
Consider a ray of radiation at a wavelength corresponding to a CO2 absorption line, going

5

https://en.wikipedia.org/wiki/File:Wiens_law.svg 

Black body radiation

https://en.wikipedia.org/wiki/File:Wiens_law.svg
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Earth’s surface and the sun both emit blackbody radiation according to 
Planck’s function — they radiate over the full spectrum

Long wavelength, 
low frequency, low 

energy photons

Short wavelength, 
high frequency, high 

energy photons

Shortwave vs longwave radiation
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Figure 2.5: Blackbody radiation. 
(a) Planck’s black-body spectral radiance for the emission temperatures of the Earth (blue) 
and Sun (red), as a function of wavelength. (b) blue curve shows estimated outgoing 
longwave radiation at the top of the atmosphere as a function of wavenumber, with black-
body radiation curves at different temperatures shown by dashed lines. The deviations from 
the 287 K black body radiation curve indicate absorption bands due to CO2, CH4, H2O, and 
O3; the central CO2 absorption line is shown on both panels as a vertical gray bar.

CO2

H2O

O3

H2O
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How do greenhouse gases work?

https://youtu.be/sTvqIijqvTg

https://youtu.be/sTvqIijqvTg
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How do greenhouse gases work?

https://youtu.be/sTvqIijqvTg

https://youtu.be/sTvqIijqvTg
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Vibration energy levels of CO2 & H2O 

CO2

																		
H2O

The vibration energy levels determine the frequency of absorption

http://davidobru.blogspot.com/2017/01/some-animations.html 
http://www.dynamicscience.com.au/tester/solutions1/

chemistry/greenhouse/co2andtheghe.htm 

http://davidobru.blogspot.com/2017/01/some-animations.html
http://www.dynamicscience.com.au/tester/solutions1/chemistry/greenhouse/co2andtheghe.htm
http://www.dynamicscience.com.au/tester/solutions1/chemistry/greenhouse/co2andtheghe.htm
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Vibration energy levels of CO2 & H2O 

CO2

																		
H2O

The vibration energy levels determine the frequency of absorption
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http://davidobru.blogspot.com/2017/01/some-animations.html
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• Discrete wavelengths excite molecular transitions in greenhouse gas molecules 
• This results in absorption and re-emission of radiation of that wavelength 
• The “transition wavelengths” for various greenhouse gases have been 

measured in lab experiments 

http://butane.chem.uiuc.edu/pshapley/GenChem1/L15/2.html

Greenhouse gasses vibration modes

http://butane.chem.uiuc.edu/pshapley/GenChem1/L15/2.html


Global Warming Science 101,  Greenhouse, Camille Hankel & Eli Tziperman

From “ocean optics” web book,  
https://www.oceanopticsbook.info/view/absorption/physics-of-absorption 

Photon energy:   where  is 
Planck’s constant,   is the speed of light, 
and    is the wavelength

E = hν = hc/λ h
c

λ

Molecular vibration energy levels and photon absorption

https://www.oceanopticsbook.info/view/absorption/physics-of-absorption
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Molecular vibration energy levels and photon absorption
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• Spike in absorption “efficiency” i.e. cross-section at wavenumber that excites a 
molecular transition: spikes called absorption lines 

• Absorption “lines” look like Gaussian/Lorentzian  profiles 
due to “line broadening” 
- Pressure broadening due to molecular collisions 
- Doppler broadening due to gaussian distribution of particle velocities 

• All individual lines calculated and broadened in radiative transfer code to give 
“absorption spectrum” for a greenhouse gas

(αL /π)/((ν − ν0)2 + α2
L)

Absorption cross-section
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• Spike in absorption “efficiency” i.e. cross-section at wavenumber that excites a 
molecular transition: spikes called absorption lines 

• Absorption “lines” look like Gaussian/Lorentzian  profiles 
due to “line broadening” 
- Pressure broadening due to molecular collisions 
- Doppler broadening due to gaussian distribution of particle velocities 

• All individual lines calculated and broadened in radiative transfer code to give 
“absorption spectrum” for a greenhouse gas

(αL /π)/((ν − ν0)2 + α2
L)

zoom out

Absorption cross-section
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Notes section 2.2.3: 
Broadening 

(use next three slides)
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The collisions of gas molecules cause the widening of absorption lines: 
If the arriving photon has slightly more energy than needed for energy level 
transition, the excess energy can be transferred to the colliding molecule, 
allowing to absorb photons that are not exactly at the right frequency/ energy

High pressure, 
more collisions

Low pressure, 
fewer collisions

Ab
so

rp
tio

n 
ef

fic
ien

cy

https://www.researchgate.net/figure/The-pressure-
broadening-with-the-altitude-and-its-effect-on-

the-line-shape-are_fig6_27335947 

Pressure/Collisional Broadening

https://www.researchgate.net/figure/The-pressure-broadening-with-the-altitude-and-its-effect-on-the-line-shape-are_fig6_27335947
https://www.researchgate.net/figure/The-pressure-broadening-with-the-altitude-and-its-effect-on-the-line-shape-are_fig6_27335947
https://www.researchgate.net/figure/The-pressure-broadening-with-the-altitude-and-its-effect-on-the-line-shape-are_fig6_27335947
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Pressure/Collisional Broadening

https://www.researchgate.net/figure/The-pressure-broadening-with-the-altitude-and-its-effect-on-the-line-shape-are_fig6_27335947
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The collisions of gas molecules cause the widening of absorption lines: 
If the arriving photon has slightly more energy than needed for energy level 
transition, the excess energy can be transferred to the colliding molecule, 
allowing to absorb photons that are not exactly at the right frequency/ energy
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The random motion of the gas molecules causes the widening of absorption 
lines because molecules that happen to be moving towards/away from the 
incoming photon will see it at a different frequency/ wavelengths.

CO2 molecule moves toward photon ➨ photon seems at higher frequency ➨ 
molecule absorbs a photon of lower frequency than that of absorption line. 
CO2 molecule moves away from photon ➨ opposite

https://forum.huawei.com/enterprise/en/what-
is-the-doppler-effect/thread/510221-100305

Doppler Broadening (significantly weaker in Earth's atmosphere)
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https://www.giss.nasa.gov/
research/briefs/schmidt_05/

note absorption windows…

Outgoing Longwave Radiation (OLR)

https://www.giss.nasa.gov/research/briefs/schmidt_05/
https://www.giss.nasa.gov/research/briefs/schmidt_05/
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Workshop #3 
radiative forcing
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Notes sections 2.2.4, 2.2.5, 2.2.6: 
logarithmic dependence, global warming potential, water 

vapor feedback 

(use next 5 slides)
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Logarithmic dependence of RF on CO2
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---0

---+1

dependson the absorbingmedium.Thesolution for the radiation intensity along
the pipe is, therefore, *.Y/ D *0F��Y, so that the transmitted radiation decreases
exponentially with distance and with the amount of CO2 encountered by the
radiation.

The SBEJBUJWF GPSDJOH due to a given atmospheric CO2 increase is the radi-
ation (in W/m2) that is absorbed by the added gas and is prevented from
being transmitted to outer space, over all wavelengths, assuming the tropo-
spheric temperature,moisture, andclouds are kept at their valuesbefore theCO2

increase.Radiative forcing is calculatedusing radiationmodels, rather thanbeing
observed directly, yet the uncertainty involved is small relative to many other
factors affecting the climate response to anthropogenic greenhouse forcing.

Exact calculations show that the radiative forcing of CO2 depends MPHBSJUI�
NJDBMMZ rather than exponentially onCO2 concentration.That the response is not
exponential is a result of the fact that, as discussed above, the atmosphere is sat-
urated with respect to CO2 absorption—that is, LW photons emitted from the
surface at the wavelengths of the CO2 absorption lines are already absorbed by
the atmosphere at preindustrial CO2 concentrations. The shape of the absorp-
tion bands as a function ofwavelength, and as a function of the distance from the
absorption lines discussed above, leads to the logarithmic dependence of radia-
tive forcing on the CO2 concentration.We show in section 3.2 that the warming
and radiative forcing are approximately linearly related. This implies that the
temperature response also depends logarithmically on the CO2 concentration.
We therefore write, schematically, 5 D50 C" log2.CO2=280/, where the use
of logbase2 implies that" (inKelvin) is the temperature increase ifCO2 concen-
tration doubles from its preindustrial value of 280 ppm.This dependencemeans
that the warmings due to one and two doublings of the CO2 concentration are

5⇥2 �5⇥1 D" log2.2CO2=280/ �" log2.CO2=280/ D" log2 2 D";

5⇥4 �5⇥2 D" log2.4CO2=280/ �" log2.2CO2=280/ D" log2 2 D":

That is, each doubling of CO2 leads to the same increase in temperature!
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The absorption is typically proportional to the radiation intensity at any given location, and 
therefore the equation for the transmitted radiation, I(x), may be written as , 
where  depends on the absorbing medium. The solution for the radiation intensity along the 
pipe is, therefore, 

dI/dx = − μI
μ
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That is, each doubling of CO2 leads to the same increase in temperature! 
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IR absorption of the major greenhouse gases

CO2 & water vapor absorbs the most IR, at different wavelengths 
https://en.wikipedia.org/wiki/Absorption_band 

https://en.wikipedia.org/wiki/Absorption_band
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GWP: the time-integrated RF due to a pulse emission of a 
GHG, relative to a pulse emission of an equal mass of CO2 

IPCC, Climate Change 
2013, Chapter 8

Other GHG: Global Warming Potential (GWP)
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GWP of a greenhouse gas is its forcing effect relative to 
CO2, considering its lifetime and its strength as an 
absorber, over a specified time horizon (TH). 

GWP: the time-integrated RF due to a pulse emission of a 
GHG, relative to a pulse emission of an equal mass of CO2 

IPCC, Climate Change 
2013, Chapter 8

Other GHG: Global Warming Potential (GWP)
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GWP of a greenhouse gas is its forcing effect relative to 
CO2, considering its lifetime and its strength as an 
absorber, over a specified time horizon (TH). 

– The relevant molecular energy levels correspond to di↵erent rotation and vibration
modes of the molecule.

– The greenhouse gasses molecular energy levels, and their concentration in the
atmosphere, determine the LW emissivity of the atmosphere.

• Molecules can absorb photons with energy in a broader range than deduced from energy
level transitions, due to two e↵ects:

– Pressure broadening: when molecules collide while one of them is absorbing a
photon, some excess energy can be transferred to/from the colliding molecule,
allowing to absorb a photon not exactly at the absorption wavelength.

– Doppler broadening: the thermal motion of molecules leads to a shift in the
frequency of emitted/ absorbed photons due to the Doppler e↵ect.

• Aerosols play an important role, reflecting incoming SW and absorbing LW radiation,
and by acting as cloud condensation nuclei which enhance cloud albedo and emissivity.

• The “Global Warming Potential” (GWP) of a greenhouse gas is its focing e↵ect relative
to CO2 and takes into account both the lifetime of the gas and its strength as an
absorber, over a specified time horizon (TH). From Wikipedia, the GWP of a gas x is,

GWP (x) =

R
TH

0 ax ·
⇥
x(t)

⇤
dt

R
TH

0 ar ·
⇥
r(t)

⇤
dt

.

x(t) is the time-dependent decay in abundance of the substance andr(t) that of CO2;
ax the radiative forcing per 1 kg (W/m2/kg). E.g., methane (CH4) is a significantly
stronger absorber than CO2, but has a shorter lifetime in the atmosphere (12 years)
than CO2 (thousands of years).

6 How greenhouse gasses work: wavelength-dependent
absorption

While we have been treating the outgoing radiation in sections 2, 3 and 4 as a single entity,
it is made of di↵erent wavelengths of electromagnetic radiation. The Earth emits from the
surface approximately like a black body (Figure 3), according to Planck’s Law,

B(�, T ) =
2hc2

�5

1

e
hc

�kBT � 1
. (1)

Here, kB = 1.38064852⇥ 10�23 m2 kg s�2 K�1 is the Boltzmann constant, h = 6.62607004⇥
10�34 m2kg/s the Planck constant, c = 3 ⇥ 108 m/s the speed of light, � the radiation
wavelength, and T is the black body temperature. The integral of the Planck function over
all wavelengths yields the total outgoing radiation, �T 4 used previously.

5

: time-dependent decay 
of a GHG; : that of CO2; 

: RF per 1 kg (W/m2/kg).

x(t)
r(t)

ax,r

GWP: the time-integrated RF due to a pulse emission of a 
GHG, relative to a pulse emission of an equal mass of CO2 

IPCC, Climate Change 
2013, Chapter 8

Other GHG: Global Warming Potential (GWP)
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on the relative weight assigned to effects at different times. Other 
important choices include the background atmosphere on which the 
GWP calculations are superimposed, and the way indirect effects and 
feedbacks are included (see Section 8.7.1.4).

For some gases the variation in GWP with time horizon mainly reflects 
properties of the reference gas, not the gas for which the GWP is cal-
culated. The GWP for NTCFs decreases with increasing time horizon, as 
GWP is defined with the integrated RF of CO2 in the denominator. As 
shown in Figure 8.29, after about five decades the development in the 
GWP for CH4 is almost entirely determined by CO2. However, for long-
lived gases (e.g., SF6) the development in GWP is controlled by both the 
increasing integrals of RF from the long-lived gas and CO2.

8.7.1.3 The Global Temperature change Potential Concept

Compared to the GWP, the Global Temperature change Potential (GTP; 
Shine et al., 2005a) goes one step further down the cause–effect 
chain (Figure 8.27) and is defined as the change in global mean sur-
face temperature at a chosen point in time in response to an emission 
pulse—relative to that of CO2. Whereas GWP is integrated in time 
(Figure 8.28a), GTP is an end-point metric that is based on tempera-
ture change for a selected year, t, (see Figure 8.28b with formula). Like 
for the GWP, the impact from CO2 is normally used as reference, hence, 
for a component i, GTP(t)i = AGTP(t)i / AGTP(t)CO2 = !T((t)i /!T(t)CO2, 
where AGTP is the absolute GTP giving temperature change per unit 
emission (see Supplementary Material Section 8.SM.11 for equations 
and parameter values). Shine et al. (2005a) presented the GTP for both 
pulse and sustained emission changes based on an energy balance 
model as well as analytical equations. A modification was later intro-
duced (Shine et al., 2007) in which the time horizon is determined by 
the proximity to a target year as calculated by using scenarios and 
climate models (see Section 8.7.1.5).

Like GWP, the GTP values can be used for weighting the emissions 
to obtain ‘CO2 equivalents’ (see Section 8.7.1.1). This gives the 

Figure 8.29 |  Development of AGWP-CO2, AGWP-CH4 and GWP-CH4 with time hori-
zon. The yellow and blue curves show how the AGWPs changes with increasing time 
horizon. Because of the integrative nature the AGWP for CH4 (yellow curve) reaches a 
constant level after about five decades. The AGWP for CO2 continues to increase for cen-
turies. Thus the ratio which is the GWP (black curve) falls with increasing time horizon.

 temperature effects of emissions relative to that of CO2 for the chosen 
time horizon. As for GWP, the choice of time horizon has a strong effect 
on the metric values and the calculated contributions to warming.

In addition, the AGTP can be used to calculate the global mean temper-
ature change due to any given emission scenario (assuming linearity) 
using a convolution of the emission scenarios and AGTPi:

 (8.1)

where i is component, t is time, and s is time of emission (Berntsen and 
Fuglestvedt, 2008; Peters et al., 2011b; Shindell et al., 2011).

By accounting for the climate sensitivity and the exchange of heat 
between the atmosphere and the ocean, the GTP includes physical pro-
cesses that the GWP does not. The GTP accounts for the slow response 
of the (deep) ocean, thereby prolonging the response to emissions 
beyond what is controlled by the decay time of the atmospheric con-
centration. Thus the GTP includes both the atmospheric adjustment 
time scale of the component considered and the response time scale 
of the climate system.

The GWP and GTP are fundamentally different by construction and dif-
ferent numerical values can be expected. In particular, the GWPs for 
NTCFs, over the same time frames, are higher than GTPs due to the 
integrative nature of the metric. The GTP values can be significantly 
affected by assumptions about the climate sensitivity and heat uptake 
by the ocean. Thus, the relative uncertainty ranges are wider for the 
GTP compared to GWP (see Section 8.7.1.4). The additional uncertainty 
is a typical trade-off when moving along the cause–effect chain to an 
effect of greater societal relevance (Figure 8.27). The formulation of the 
ocean response in the GTP has a substantial effect on the values; thus 
its characterization also represents a trade-off between simplicity and 
accuracy. As for GWP, the GTP is also influenced by the background 
atmosphere, and the way indirect effects and feedbacks are included 
(see Section 8.7.1.4).

8.7.1.4 Uncertainties and Limitations related to Global Warming 
Potential and Global Temperature change Potential

The uncertainty in the numerator of GWP; that is, the AGWPi (see for-
mula in Figure 8.28a) is determined by uncertainties in lifetimes (or 
perturbation lifetimes) and radiative efficiency. Inclusion of indirect 
effects increases uncertainties (see below). For the reference gas CO2, 
the uncertainty is dominated by uncertainties in the impulse response 
function (IRF) that describes the development in atmospheric concen-
tration that follows from an emission pulse (Joos et al., 2013); see Box 
6.2 and Supplementary Material Section 8.SM.12. The IRF is sensitive 
to model representation of the carbon cycle, pulse size and background 
CO2 concentrations and climate.

Based on a multi-model study, Joos et al. (2013) estimate uncertain-
ty ranges for the time-integrated IRF for CO2 to be ±15% and ±25% 
(5 to 95% uncertainty range) for 20- and 100-year time horizons, 
respectively. Assuming quadratic error propagation, and ±10% uncer-
tainty in radiative efficiency, the uncertainty ranges in AGWP for CO2 
were estimated to be ±18% and ±26% for 20 and 100 years. These 

 

∆𝑇𝑇 𝑡𝑡 = 𝐸𝐸! 𝑠𝑠 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴! 𝑡𝑡 − 𝑠𝑠 𝑑𝑑𝑑𝑑!
!!   

IPCC, Climate Change 
2013, Chapter 8
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wikipedia

GWP of a greenhouse gas is its forcing effect relative to 
CO2, considering its lifetime and its strength as an 
absorber, over a specified time horizon (TH). 

– The relevant molecular energy levels correspond to di↵erent rotation and vibration
modes of the molecule.

– The greenhouse gasses molecular energy levels, and their concentration in the
atmosphere, determine the LW emissivity of the atmosphere.

• Molecules can absorb photons with energy in a broader range than deduced from energy
level transitions, due to two e↵ects:

– Pressure broadening: when molecules collide while one of them is absorbing a
photon, some excess energy can be transferred to/from the colliding molecule,
allowing to absorb a photon not exactly at the absorption wavelength.

– Doppler broadening: the thermal motion of molecules leads to a shift in the
frequency of emitted/ absorbed photons due to the Doppler e↵ect.

• Aerosols play an important role, reflecting incoming SW and absorbing LW radiation,
and by acting as cloud condensation nuclei which enhance cloud albedo and emissivity.

• The “Global Warming Potential” (GWP) of a greenhouse gas is its focing e↵ect relative
to CO2 and takes into account both the lifetime of the gas and its strength as an
absorber, over a specified time horizon (TH). From Wikipedia, the GWP of a gas x is,

GWP (x) =

R
TH

0 ax ·
⇥
x(t)

⇤
dt

R
TH

0 ar ·
⇥
r(t)

⇤
dt

.

x(t) is the time-dependent decay in abundance of the substance andr(t) that of CO2;
ax the radiative forcing per 1 kg (W/m2/kg). E.g., methane (CH4) is a significantly
stronger absorber than CO2, but has a shorter lifetime in the atmosphere (12 years)
than CO2 (thousands of years).

6 How greenhouse gasses work: wavelength-dependent
absorption

While we have been treating the outgoing radiation in sections 2, 3 and 4 as a single entity,
it is made of di↵erent wavelengths of electromagnetic radiation. The Earth emits from the
surface approximately like a black body (Figure 3), according to Planck’s Law,

B(�, T ) =
2hc2

�5

1

e
hc

�kBT � 1
. (1)

Here, kB = 1.38064852⇥ 10�23 m2 kg s�2 K�1 is the Boltzmann constant, h = 6.62607004⇥
10�34 m2kg/s the Planck constant, c = 3 ⇥ 108 m/s the speed of light, � the radiation
wavelength, and T is the black body temperature. The integral of the Planck function over
all wavelengths yields the total outgoing radiation, �T 4 used previously.

5

x(t): time-dependent decay 
of a GHG; r(t) that of CO2; 
ax: RF per 1 kg (W/m2/kg).

GWP: the time-integrated RF due to a pulse emission of a 
GHG, relative to a pulse emission of an equal mass of CO2 

Other GHG: Global Warming Potential (GWP)
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Direct radiative forcing of absorption by water vapor molecules 
reinforces that by CO2 via the water vapor feedback

Atmosphere can 
hold more moisture 

due to Clausius-
Clapeyron relation

Increased water 
vapor in 

atmosphere

More 
absorption from 

water vapor, 
stronger 

radiative forcing

Atmosphere 
and surface 

warm

Increased CO2 
concentrations

Water vapor feedback
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Workshops #4,5: 
logarithmic dependence 
global warming potential
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• Climate cools/warms to reach radiative equilibrium: incoming SW = outgoing LW

• Adding greenhouse gases to the atmosphere traps LW radiation, so that 
incoming SW > outgoing LW, the Earth must warm to get back to equilibrium

• Atmosphere is mostly saturated wrt absorption by CO2. Anthropogenic CO2 
causes warming because temperature decreases with height (lapse rate), raising 
the level of last absorption; & bec of increased absorption in margins of 
absorption bands

• CO2 is a particularly effective greenhouse gas because it absorbs wavelengths of 
radiation at which the Earth emits most strongly, & where H2O is less effective 

• Surface temperature response scales (only/weakly) logarithmically with CO2 
concentration: warming due to each CO2 doubling is approximately the same

• Greenhouse effect of water vapor leads to a positive feedback on CO2 increase

• The Global warming potential of other GHGs depends on both their efficiency 
and life time, CO2 has an especially long life time in the atmosphere

Conclusions
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The End


