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N ¼ rn0L: (12)

We can use this in Eq. (9) to conclude that

Preturn ’ 1" 1

rð!Þn0L
; (13)

where the dependence of r on ! has been explicitly indicated.
With r0 ¼ 3:7% 10"23 m2, n0 ¼ 9:91% 1021 molecules/m3,
and L ¼ 8000 m, one gets Preturn ¼ 1" 2:7=8000 ¼ 0:9997,
so a photon with frequency near the center of the band is vir-
tually certain to return to Earth.

Note that under the blackbody radiation assumption, the
rate of photon emission depends only on the Earth’s surface
temperature, not (directly) on whether the photon eventually
returns or not; hence, once the photon returns, its story is
effectively over. Put otherwise, one could directly multiply
the Earth’s emitted photon flux by 1" Preturn to get the flux
out to space in this model.

The power radiated per unit area and per unit frequency
by the surface of a blackbody at temperature T is given by
Planck’s radiation formula

Bð!; TÞ ¼ 2ph!3

c2

1
;

eh!=kT " 1
(14)

where a factor of p has been included to account for an inte-
gral over solid angle. When this is multiplied by 1" Preturn

(with the understanding that Preturn is to be set to zero when
the right-hand side of the expression (13) is negative), one
obtains, for T ¼ 288 K, an outgoing radiation spectrum as
illustrated in Fig. 2, using the “triangular” approximation (8)
for rð!Þ.

Numerical integration of this spectrum gives the total radi-
ation going out to space as approximately 324 W/m2, which
is 66 W/m2, or 17%, smaller than the total intensity emitted
by a 288 K blackbody (390 W/m2). Using xCO2

¼ 0:17 in Eq.
(4) yields T0 ¼ 271 K as the temperature of a hypothetical
Earth without any CO2, under the present model, which
would make CO2 responsible for about 17 K of the total
greenhouse effect. This is rather larger than the accepted val-
ues (see Sec. V for a discussion); more importantly, the
actual measured spectrum of radiation coming out of the
Earth differs from Fig. 2 in important ways, which indicate
that the simple model we have been using so far is missing
some crucial physics.

Nevertheless, this model has a number of attractive features.
It provides a simple picture to illustrate how absorption, fol-
lowed by reemission, does result in a net flux of photons back
to Earth, at those frequencies where the atmosphere is optically
thick, that is, where Nð!Þ is large. (Perhaps surprisingly, the
existence of this “downwelling radiation” has actually been
questioned by some.) It also allows one to get a first glimpse
of the effect of increasing the concentration of CO2.

Consider, for instance, a photon that, at the present CO2

concentration, has Preturn ¼ 1=2 in Eq. (13). (According to the
simplified spectrum (8), this happens around ! ¼ 588 and 752
cm"1.) If one doubles n0, Preturn becomes 3=4, that is, the
probability of the photon coming back to Earth increases by
50%, and the flux out to space at that frequency is cut in half.
Clearly, this effect is important only around the wings of the
CO2 absorption spectrum: graphically, doubling the CO2 con-
centration widens the range of frequencies blocked in Fig. 2

(the “hole” in the blackbody emission curve), as the inset
shows (compare Fig. 4.12, top, of Ref. 3, and the description
of the greenhouse gas “ditch” in Sec. 4.4.1 of the same text).

It is easy to see by direct numerical integration that the
model in this section predicts a decrease in the total power
radiated out to space (area under the curve in Fig. 2) of about
6.3 W/m2 when n0 is doubled from 390 to 780 ppm. Again
this is too high; in the notation of Sec. II, this gives
dxCO2

¼ 6:3=390 ¼ 0:016, which when used in Eq. (5) gives
a climate sensitivity of about 1:9 K per doubling. The more
sophisticated model in Sec. V will show how and why this
estimate has to be revised downwards, but for now the present
model shows that in the absence of processes other than the
ones discussed so far, the absorptive strength of CO2 would
be sufficient to cause, by itself, an increase in temperature of
the order of 2 K, if doubled from the present concentration.

V. A MORE REALISTIC MODEL: TEMPERATURE-
STRATIFIED ATMOSPHERE IN LOCAL
THERMODYNAMIC EQUILIBRIUM

The model presented in the previous section basically
neglected the possibility of any real exchange of energy
between the Earth and the atmosphere. Although formally
described as absorption, the imagined scenario for a photon
traveling in the atmosphere was really only a succession of
elastic scattering events. (In fact, the entire “atmosphere” in
that model could equivalently be replaced by a nonabsorbing
mirror with a frequency-dependent transmission coefficient.)

In the real atmosphere, on the other hand, the collision
time for a CO2 molecule with an air molecule is typically
shorter than the radiative transition’s lifetime, which means
that most of the time the photon is not reemitted immediately
after it is absorbed; rather, its energy is quickly spread out
among the surrounding air molecules. Of course, at a finite
temperature, the reverse process is also possible: collisions
with air molecules may excite the CO2 molecules and cause
them to radiate. In fact, in steady state, under the assumption
of local thermodynamic equilibrium, both processes must be
going on all the time, at equal rates.

The above points are made, and elaborated at some length,
in the recent article by Pierrehumbert,2 who discusses a model
of layers for the atmosphere, in which each layer (at a given
height and temperature) absorbs with a coefficient that depends

Fig. 2. The transmitted intensity through the atmosphere as a function of
frequency, as given by ð1" PreturnÞBð!; TÞ, for T ¼ 288 K, using the trian-
gular approximation (8) to the CO2 absorption spectrum in Eq. (13). Inset:
detail of the region between 550 and 800 cm"1 for the current CO2 concen-
tration of 390 ppm (black curve) and for double the concentration, or
780 ppm (gray curve).
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FAQ 1.1, Figure 1. Estimate of the Earth’s annual and global mean energy 
balance. Over the long term, the amount of incoming solar radiation absorbed by 

	  

the Earth and atmosphere is balanced by the Earth and atmosphere releasing 
the same amount of outgoing longwave radiation. About half of the incoming 
solar radiation is absorbed by the Earth’s surface. This energy is transferred to 
the atmosphere by warming the air in contact with the surface (thermals), by 
evapotranspiration and by longwave radiation that is absorbed by clouds and 
greenhouse gases. The atmosphere in turn radiates longwave energy back to 
Earth as w
	  

ell as out to space. Source: Kiehl and Trenberth (1997).	  
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Figure SPM.2. Global average radiative forcing (RF) estimates and ranges in 
2005 for anthropogenic carbon dioxide (CO2), methane (CH4), nitrous oxide 
(N2O) and other important agents and mechanisms, together with the typical 
geographical extent (spatial scale) of the forcing and the assessed level of 
scientific understanding (LOSU). The net anthropogenic radiative forcing and its 
range are also shown. These require summing asymmetric uncertainty estimates 
from the component terms, and cannot be obtained by simple addition. Additional 
forcing factors not included here are considered to have a very low LOSU. 
Volcanic aerosols contribute an additional natural forcing but are not included in 
this figure due to their episodic nature. The range for linear contrails does not 
include other possible effects of aviation on cloudiness. {2.9, Figure 2.20} 
 

from IPCC-4th report 
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