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Abstract

Examination of the radiation budget at the surface of the Earth shows that there are three factors affecting the surface
temperature; the amount of solar radiation absorbed by the atmosphere and by the surface respectively, and the amount of
leakage of infrared radiation emitted from the surface directly into space. If there were no leakage, the upwelling infrared
radiation from the Earth’s surface would be equal to the incoming solar radiation absorbed by the atmosphere plus twice
the solar radiation absorbed by the surface. This results from the summation of a sequence of equal upward and downward
re-emissions of infrared radiation absorbed by the atmosphere following the initial absorption of solar radiation. At current
levels of solar absorption, this would result in total upwelling radiation of approximately 398.6 W/m2, or a maximum surface
temperature of 16.4°C. Allowing for leakage of infrared radiation through the atmospheric window, the resulting emission from
the Earth’s surface is reduced to around 396 W/m2, corresponding to the current average global surface temperature of around
15.9°C. Absorption of solar and infrared radiation by greenhouse gases is determined by the absorption bands for the respective
gases and their concentrations. Absorption of incoming solar radiation is largely by water vapor and ozone, and an increase
in absorption would reduce not increase the surface temperature. Moreover, it is probable that all emitted infrared radiation
that can be absorbed by greenhouse gases, primarily water vapor, with a small contribution from carbon dioxide and ozone,
is already fully absorbed, and the leakage of around 5.5 % corresponds to the part of the infrared red spectrum that is not
absorbed by greenhouse gases. The carbon dioxide absorption bands, which represent a very small percentage of the infrared
spectrum, are most likely fully saturated. In these circumstances, increased concentrations of greenhouse gases, and carbon
dioxide in particular, will have no effect on the emitted radiation. The surface temperature is probably at the thermodynamic
limit for the current luminosity of the sun. Satellite based measurements since 1979 suggest that any global warming over the

past 150 years may be due to an increase in total solar irradiance, which we are still a decade or two from being able to confirm.
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1 Extract from Underwood (2018). The Greenhouse Effect — re-examination of the impact of an
increase in carbon dioxide in the atmosphere. Unpublished.

Examination of the radiation budget at the surface of the Earth shows that there are five primary
factors affecting the surface temperature; the amount of solar radiation absorbed by the
atmosphere and by the surface respectively, the amount of heat emitted from the surface in the
form of thermals and evaporation, and the proportion of infrared radiation emitted from the
surface directly into space. The Greenhouse Effect equations are solved by calculating the
downwelling flux from the atmosphere and substituting this in the equation for the radiative
balance at the Earth’s surface.
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The global annual mean earth’s energy budget for 2000—2005 (W m-2). The broad arrows indicate the
schematic flow of energy in proportion to their importance. Adapted from Trenberth et al. (2009) (Fig. 1,
Trenberth and Fasullo 2012).

Solution of the Greenhouse Effect equations

The Greenhouse Effect equations can be solved for the infrared flux emitted by the Earth’s
surface, E1, and consequently for the temperature at the surface, by calculating the downwelling
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energy flux from the atmosphere, Ep, and substituting this in the equation for energy flux balance
at the Earth’s surface, Es = Ery + Egy + Ev — Ep, Where Es is the solar energy absorbed by the
surface, E1y is the loss of energy from the surface through thermals, and Egy is the loss of energy
from the surface through evaporation.

The downwelling energy flux from the atmosphere, Ep = Ety + Eev + Eoa, Where Ery is the
reversal of the loss of energy from the surface through thermals, Egy is the reversal of the loss of
energy from the surface through evaporation, and Eoa is the sum of the part of the outgoing
terrestrial infrared red radiation absorbed by the atmosphere that is re-emitted downward towards
the Earth’s surface, in multiple absorptions and re-emissions by the atmosphere and the Earth’s
surface. Eop = Ry + Ra f/2 + Raf/4 + ... + Rf"/2" = Ry + Rar, or Eoa = (1 + )R, where Ry =
(Ea + fEg)/2 is the initial downward infrared flux from the atmosphere; f is the proportion of
terrestrial infrared radiation absorbed by the atmosphere; and r = f/2 + /4 + ... + /2",

This assumes that the heat resulting from thermals ETH, and evaporation Eev, is returned to the
surface as this does not affect the quantum state of greenhouse gases, and that part of the
outgoing terrestrial infrared radiation is absorbed by the atmosphere and, as with the solar
radiation absorbed by the atmosphere, changes the quantum state of the greenhouse gas
molecules. On re-emission, half of the absorbed radiation is radiated downward towards the
Earth’s surface, to be absorbed and re-emitted, and half radiated upward into the atmosphere.
This is confirmed by Trenberth and Fasullo (2012)’s diagram of energy fluxes as the
downwelling flux of 333 W/m? cannot be due to re-emitted radiation alone as this would result in
a similar upward flux, which greatly exceeds the outgoing flux at the TOA.

r=f2+f/4+ ... + /2" is a self-similar geometric series that can be summed by multiplying
by the common ratio and subtracting. Multiplying by /2 gives rf/2 = /4 + ...... + /2", and
subtracting from r = f/2 + /4 + ...... + /2", gives r — rf/2 = f/2, or r = f/(2 — f). Recognizing
that Eg = (1 — f)Et, where Eg is the total infrared radiation emitted from the Earth’s surface that
escapes directly into space, Eg = Et —f Et, so f Er = Er — Eg, or f = (Er — Eg)/ Et. Substituting
global average values from the corrected Trenberth and Fasullo (2012) data in f = (Et — Eg)/ Er,
gives f = (396 — 22)/396 = 0.9444. With f = 0.9444, r = f/(2 — f) = 0.9444/1.0556 = 0.89, which
is effectively reached after seven iterations: r = 0.9444/2 + 0.9444%/4 + 0.9444%/8 + 0.9444%/16 +
0.9444%(32 + ... + /2", Substituting r = /(2 — f) in Eoa = (1 + )R, gives Eoa = [1 + f/(2 -
HDIRa=[(2 -f + /(2 - f)]Ra 50 Eoa = 2Ra/(2 — 1), and substituting R, = (Ea + fEs)/2 in Eoa =
2R./(2 —f), gives the outgoing infrared radiation emitted by the atmosphere,
Eoa = (Ea + fEs) /(2 - ).

Substituting global average values from the corrected Trenberth and Fasullo (2012) data in Eoa =
(Ea + fEs) /(2 — 1), gives Eoa = (78.2 + 0.9444 x 160.2)/(2 — 0.9444) = (78.2 + 151.3)/1.0556, so

the global average outgoing infrared radiation emitted by the atmosphere, Eoa = (78.2 +
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151.3)1.0556 = 229.5/1.0556 = 217.4 W/m®. As an equal amounted of infrared radiation is
emitted upward, this compares with the corrected Trenberth and Fasullo (2012) estimate of 216.4
W/m? emitted by the atmosphere upward into space.

Substituting Eoa = (Ea + fEs)/(2 — f) in Ep = Ety + Eev + Eoa, gives the downwelling energy
flux from the atmosphere,
Ep=Etxq + Egv + (EA + fEs)/(z — f)

Substituting global average values from the corrected Trenberth and Fasullo (2012) data in Ep =
Ern + Eev + Eoa, gives the total downwelling energy flux from the atmosphere Ep = 17 + 80 +
217.4 = 314.4 W/m?, compared with Trenberth and Fasullo (2012)’s estimated residual of 333
W/m? and Wild et al. (2015)’s estimation of 342 W/m®. This equation shows that the amount of
the downwelling radiation, and consequently the infrared radiation from the surface, is highly
dependent on the absorption of solar radiation by the atmosphere, and the existence of thermals
and evaporation, in addition to the absorption of solar radiation by the Earth’s surface.

Substituting Ep = Ety + Eev + (Ea + fES)/(2 — f) into the equation for the energy flux balance at
Earth’s surface, Es = Ery + Eev + E1 — Ep, and expressing in terms of E+ provides a solution of
the Greenhouse Effect equations in terms of the radiation emitted by the Earth’s surface. At
energy flux equilibrium at the Earth’s surface, Es = Ety + Egy + ET — Ery — Egv — (Ea + fEs)/(2 —
f), or the radiation emitted by the Earth’s surface,

Er=Es+ (Ea + fES)/(2 - ),
which is independent of Ety and Egy.

Substituting global average values from the corrected Trenberth and Fasullo (2012) data, Et =
160.2 + (78.2 + 0.9444 x 160.2)/( 2 — 0.9444), or Et = 160.2 + (78.2 + 151.3)/1.0556, or Et =
160.2 + 217.4, or the radiation emitted by the Earth’s surface, Er = 160.2 + 217.4 = 377.6 W/mz,
compared with Trenberth and Fasullo (2012)’s value of 396 W/m® and Wild et al. (2015)’s
estimation of 398 W/m?.

Substituting Er = 377.6 W/m? in Planck’s formulation based on quantum mechanics of the
Stefan-Boltzmann Law, E = ¢T*, where ¢ = 2r° k*/15¢%h® = 5.67 x 10° Wm? K™, or

T* = Elo = 377.6 x 10%/5.67 = 66.60 x 10, and the average global surface temperature of the
Earth, T = 285.67°K = 285.67 — 273.15 = 12.52°C, compared with 15.94°C based on Trenberth
and Fasullo (2012)’s estimate for Et of 396 W/m?.

It should be remembered that this is an estimate of the Greenhouse Effect, the effect of
absorption of greenhouse gases in the atmosphere on the surface temperature, not a complete
estimate of the surface temperature. In the absence of an atmosphere, but allowing for an

average reflection (albedo) from the Earth’s surface of 6.8% (= 23.1/341.3), the temperature of
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the surface of the Earth would be given by T* = E/o = 340.3 x (1 — 0.068) x 10%/5.67 =
55.936507 x 108, so T = 273.48°K = 273.48 — 273.15 = 0.3°C.

Iff =1, Er = Es + (Ea + fEs)/(2 — f) becomes Et = 2Es + Ea, independent of Ey and Egy. This
states that with complete absorption by the atmosphere, the infrared flux emitted by the Earth’s
surface equals twice the solar radiation absorbed by the surface plus the solar radiation absorbed
by the atmosphere, showing that the cycle of emissions and re-radiations effectively doubles the
downward flux from the atmosphere. Substituting global average values from the corrected
Trenberth and Fasullo (2012) data in Et = 2Es + Ea, gives Et = 2 x 160.2 + 78.2 = 398.6 W/m®.
Applying the Stefan-Boltzmann Law, T* = E/o = 398.6 x 10%/5.67 = 70.30 x 10° this
corresponds to a maximum surface temperature, T = 289.56°K = 289.56 — 273.15 = 16.41°C.

Substituting formulae for the fluxes in the Greenhouse Effect equation, Et = Es + (Ea + fEs)/(2 —
f), gives 6T* = (1 — o — 0z)So/4 + [0So/4 + F(1 — ap — 0)So/4]/(2 — ), or 6T* = [(2 - F)(1 — o —
0a)So/4 + 02So/4 + F(1 — ap — 0a)Se/4)/(2 — f), or T* = [(2 — )(1 — ap — o) + ot (1 — ap —
0a)]So/4(2 — f)o, or T* = [2 — 20 — 205 — f(1 — 0p — ) + 0t F(1 — 0p — 02)]Se/4(2 — f)o, or the
average global surface temperature of the Earth T is given by
T = (2 —2ap — 02)So/4(2 - e

where ap is the proportion of incoming solar radiation reflected back into space by the clouds and
Earth’s surface (the albedo); @, is the proportion of incoming solar radiation absorbed by the
atmosphere; and Sy is the solar flux at the top of the atmosphere. From this it can be seen that the
surface temperature is increased by a reduction in solar reflexivity or a reduction in solar
atmospheric absorptivity as well as by an increase in the atmospheric infrared absorption
coefficient; and, of course, is also increased by an increase in solar irradiance.

An increase in the infrared absorption coefficient, f, involves increasing the internal energy of the
greenhouse gas molecule by changing its quantum state, which can only occur at particular
wavelengths known as absorption bands. However, as seen above, f is currently around 0.9444,
which suggests that at the current surface temperature all of the radiation within the emission
bands is fully absorbed, and that the remaining 5.56 percent of the infrared emission represents
radiation with wavelengths within the atmospheric window. If this is true, there can be no
further increase in f, and no increase in the surface temperature with an increase in carbon
dioxide, and any increase in surface temperature will depend on an increase in solar irradiance.
After losing a critical instrument when NASA’s Glory satellite failed to achieve orbit in 2011, it
will now be another 20 years before we have enough data to be sure.



