The Effect of the
Greenhouse Gases

The Greenhouse Gases

Today, the Earth’s atmosphere is primarily composed of nitrogen, oxygen,
and argon, which constitute the primary gases of its atmosphere. Other
gases present in the Earth’s atmosphere are often referred to as trace gases,
among which are the group of gases recognized as the greenhouse gases. At
the Earth’s surface, the atmosphere also includes a variety of trace amounts
of human introduced chemical compounds. Also many substances of
natural origin may be present in miniscule amounts, e.g., as aerosol in
an unfiltered air sample, including dust of mineral and organic compo-
sition, pollen and spores, sea spray, and volcanic ash. In some industrial
areas, various industrial pollutants also may be present as gases or aerosol,
such as chlorine (elemental or in compounds), fluorine compounds and
elemental mercury vapor. Sulfur compounds, e.g., hydrogen sulfide (H.S),
and sulfur dioxide (SO,), which may be derived from natural or industrial
sources.
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130 THE EvOoLUTION OF EARTH’S CLIMATE

The term greenhouse gas, GHG, used in this book, is defined as a gas in
the Earth’s atmosphere that absorbs and emits radiation within the thermal
infrared range. This process of absorbing energy from the Sun is the fun-
damental effect of what is referred to as the greenhouse effect. The primary
greenhouse gases in Earth’s atmosphere are water vapor, carbon dioxide,
methane, nitrous oxide, chlorofluorocarbons (CFCs) and hydrofluorocar-
bons (incl. HCFCs and HFCs). Some people also include ozone as a green-
house gas; however, due to its significance, it has been separately discussed
in Chapter 11.

The Classic Greenhouse Effect

The greenhouse effect, AT is the difference between an average planet’s sur-
face temperature, T, and its effective surface temperature, T, at which this
planet can be seen from outer space:

AT=T -T, (Eq. 9.1)

As average surface temperature for Earth is approximately 288 K or
+15°C, and for Earth under the classical variant where the precession
angle, y = 0°, T, =255 K or —18 °C, the greenhouse effect on Earth is cur-
rently recognized as 33 °C. However, in consideration of Earth’s current
precession angle, Y = 23.44° and T, = 263.5 K (or 9.5 °C) the greenhouse
effect is much lower, ~AT = 24.5 °C.

Figure 9.1 illustrates how energy from the Sun is reflected and/or
absorbed and then radiated from the Earth’s surface and atmosphere. The
absorption of energy from the Sun’s light waves by the greenhouse gas mol-
ecules, lengthens the light wave as the energy is absorbed by the gas, which
is then emitted from the gas molecule with a longer wave length. In gen-
eral, shorter electromagnetic waves carry more energy than longer ones.
A portion of this energy is absorbed by the greenhouse gas molecules in
the Earth’s lower atmosphere, increasing the rate of vibration (tempera-
ture) of molecules. This process of the greenhouse molecules absorption of
energy, increasing the vibration (temperature) of the molecules, is referred
to as the greenhouse effect.

When the concentration and/or pressure of the greenhouse gases in
the atmosphere change, the amount of energy that can be absorbed by
the atmosphere also changes. However, changing the concentration of
a gas in the atmosphere can also change the partial pressure of that gas
component, which contributes to the total atmospheric pressure. Eq. 2.26
establishes that changes in pressure affect the absorption of energy by that
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Figure 9.1 Schematic illustration showing the distribution of energy carrying light waves
from the Sun to the Earth. (After Lightle, 2008.)

gas. In summary, increasing the gas concentration of carbon dioxide, can
result in less absorption of energy if the atmospheric pressure remains the
same. Figure 9.2 demonstrates how additional cloud cover can decrease the
Earth’s surface temperatures by reflecting more (albedo) energy carrying
wave away from the Earth’s surface. An excellent example of this albedo
effect occurs as a result of volcanism where ash is injected into the atmo-
sphere, reflecting more energy from the Earth, resulting in the cooling of
the Earth.

The Earth’s radiation budget is a concept that Lightle (2008) presented
which helps us understand the quantity of energy that the Earth receives
from the Sun, and how much of that energy the Earth absorbs and then
radiates back to outer space (see Figure 9.1):

The Greenhouse Gases

The dominant atmospheric gases that absorb energy include carbon diox-
ide (CO,), methane (CH)), nitrous oxide (NO,), methane (CH,), water
vapor (H,0), ozone (O,) and any fluorocarbons. The details of what wave-
lengths each gas can absorb is shown in Figure 9.3. Also shown in this fig-
ure is the ability of the whole atmosphere (all gases) to absorb specific wave
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Figure 9.2 Schematic of how clouds affect cooling and warming of the Earth. (After
NASA, 2017.)
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Figure 9.3 Wave length radiation absorptivity for various gases of the atmosphere.

An absorptivity of zero means no absorption, while a value of one means complete
absorption. The dominant gas absorbers for infrared radiation are water vapor and carbon
dioxide, oxygen and ozone. (After J. N. Howard, 1959: Proc. LR.E. 47, 1459; and R. M.
Goody and G.D. Robinson, 1951: Quart. H. Roy. Meteorol. Soc. 77, (153); in: http://www.
meteor.iastate.edu/gccourse/forcing/images.html.)
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lengths. The dominant absorbers of infrared radiation are water-vapor,
carbon dioxide, oxygen and ozone. These gases in the atmosphere are not
pollutants as identified by some, but are natural and without them life on
the Earth would not be possible.

Some of the radiated heat released by greenhouse gases reaches the
Earth’s surface, along with heat from the Sun that has penetrated the atmo-
sphere. Both the solar and radiated energy are absorbed by the Earth’s sur-
face and its atmosphere and reemitted at longer wave lengths; some of this
energy from waves reflected from the Earth’s surface are again reabsorbed
by greenhouse gases in the atmosphere, perpetuating the cycle. It is thought
by some that the greater the concentration of these gases will always result
in more heat being absorbed by the Earth and, consequently, the warmer
the Earths surface. Eq. 2.26 demonstrates that if the total atmospheric
pressure increases, more heat will be absorbed by the atmosphere and, like-
wise, if the total atmospheric pressure decreases less heat will be absorbed.
Changing the atmospheric composition and keeping the total pressure the
same by the addition of a gas with a lower partial-pressure will lower the
Earth’s ability to absorb energy or its temperature.

According to many scientists, without the greenhouse effect, which
smooths out the atmospheric temperature extremes, the Earth’s sur-
face temperature would be 5 °F rather than 59 °F The greenhouse effect
has been going on, throughout the Earth’s history for the past 4.5 BY.
The French mathematician, Joseph Fourier, first recognized the green-
house effect in 1824 (Mester, 1996). At the end of the nineteenth century,
Arrhenius (1896) presented a hypothesis on heating of the atmosphere by
increasing the content of carbon dioxide, ignoring the effect it would have
on the total atmospheric pressure. Even though it is incorrect, for a long
time his hypothesis has been accepted as factual. Unfortunately, it has been
incorrectly used to predict disastrous effects by increasing the absorption
of heat in the atmosphere, e.g., carbon dioxide. This never verified concept
is still believed by many today, even though it has been shown to be wrong
(Greenhouse Effect, 1989; Green Peace Report, 1993; Budyco, 1997).

Along the same line, some environmentalists have erroneously pre-
dicted that increasing the concentration of greenhouse gases will acceler-
ate climatic change, earthquakes, heavier storms, etc., and that the global
surface temperature could rise from 1 to 4.5 °F over the next 50 years, and
2.2t010 °F in 100 years, e.g., Kyoto Protocol (1997), without any creditable
scientific proof. They predict that this proposed rise in temperature would
increase evaporation, which, in turn, will increase the global precipitation
and more intense rainstorms around the world would occur. These pro-
posed elevated global temperatures would increase melting of Arctic and
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Antarctic ice, resulting in a rise of the Earth’s sea levels over 0.6 m, flood-
ing the coastal areas over the next 50 years. All these disastrous climatic
changes have been attributed to increasing the greenhouse gas concen-
tration in the atmosphere without scientific support or understanding of
thermodynamics. Therefore, over the past 50 years, their dire climatic pre-
dictions have never happened. Yet today we see many individuals making
similar unfounded claims, blaming any recent climatic problems on the
increase of anthropogenic carbon dioxide emissions without verification.
Serious analyses and critique of these fallacious environmental predictions
have been made, based upon geologic history and scientific analysis, by
Robinson et al. (1998), Sorokhtin (2001a, b), and Khilyuk and Chilingar
(2003, 2004, 2006).

An examination of many of these theories shows a lack of understand-
ing of thermodynamics. Some of these numerical calculations and sev-
eral climatic predictions have often been based on intuitive models, using
poorly defined parameters (Greenhouse Effect, 1989). Examination of
these environmental models reveals inherent uncertainties in the model
parameters (several models contained at least 30 such parameters) making
the numerical solution of the problem itself questionable.

Our investigation of the greenhouse effect is based on the scientific rela-
tionships of the physical parameters, including the description of the mass
and heat transfer within the atmosphere, i.e., synergetic approach (Haken,
1980, 1983; Prigozhin and Stengers, 2003). Many of these future predictions
of the Earth’s temperature, ignoring the thermodynamics of the atmosphere
over the past 40 years, have proven to be incorrect. Today, globally there
are polar ice caps and shrinking and growing glaciers, even though several
of these earlier predictions forecast that they all would be melted by today.

Understanding the Greenhouse Effect

The Earth’s atmosphere is an example of an open dissipative system, which
can be described by nonlinear equations of mathematical physics. This
permits one to assume that the organization of physical fields and the for-
mation of stable thermodynamic structures can be defined for the Earth’s
atmosphere, considering the time-space scale as determined by the param-
eters of the phenomenon. One may use significant and reliable parameters
of the atmosphere and the primary characteristics of the processes driving
the Earth’s climate to construct a climatic model, e.g., one may use such
general parameters as the total mass of atmosphere, its thermal capacity,
and the averaged energy of solar irradiation. In addition, one must take
into consideration, the existence of a strong negative feedback between the
spherical albedo (albedo: the fraction of solar radiation that is reflected into
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space) of Earth and its averaged surface temperature. In such an approach,
however, the localized details in the description of the greenhouse effect
are lost, because the constructed model becomes one-dimensional and
averaged over the entire Earth.

In many cases, however, this general approach possesses definite advan-
tages, as one obtains an analytical and unambiguous solution of global
problems of the entire planet, e.g., the influence of the composition of
atmosphere on the total magnitude of the greenhouse effect. In addition, a
constructed general model can be specified, by adding additional param-
eters and local variables. In the general model, one can incorporate the
crucial factors that can further improve the model, e.g., (1) the latitude of
a certain locality; (2) inclination of the axis of Earth’s rotation to the eclip-
tic plane; (3) the precession of Earth’s and Sun’s axis; (4) inflow of addi-
tional heat with the air flows (cyclones); (5) the reflection capacity of snow
cover, and (6) etc. In such a way, one can construct a three-dimensional
or even four-dimensional model (the fourth dimension is the time) of the
greenhouse effect. The major factor determining the climate of the Earth is
the quantity of solar radiation absorbed by Earth’s atmosphere. Also to be
considered is the Earth’s atmosphere, composition, pressure, and thermal
capacity (Sorokhtin, 1990, 2001a, b; Sorokhtin and Ushakov, 2002).

The Greenhouse Effect

The average surface temperature for Earth is =288 °K or 15°C, and
its effective radiation temperature is determined by the classic Stefan-
Boltzmann law:

1-A)S
i = a-A)s , (Eq, 9.2)
i¥e)

where ¢ =5.67 X107 erg/cm’-s-°C* is the Stefan-Boltzmann con-
stant; S, is the solar constant at the distance of the Earth from the Sun
(§=1.367 X 10° erg/cm? - s); A is the albedo, which is mostly due to Earth’s
cloud cover (A = 0.3). According to Eq. 9.2, the effective temperature, T, is
equal to 255 K (or 18 °C). Therefore, the present-day greenhouse effect for
the Earth would be equal to 33 °C.

Applying the Stefan-Boltzmann law to evaluate the heat transfer in the
atmosphere: (1) the heat transfer by radiation dominates only in the upper
diffuse layers of the atmosphere, e.g., stratosphere, mesosphere, and ther-
mosphere; (2) the heat transfer in the troposphere, the lowest and denser
layer, occurs mostly by convection (Sorokhtin, 2001a, b). In the Earth’s
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atmosphere, where the air pressure exceeds 0.2 atm, the heat transfer by
convection is dominant. When the temperature of a given mass of air
increases, its volume also increases proportionally. This is the model of a
system that defines the Earth’s climatic atmospheric system, but it is also
one that recognizes cooling and heating by convection in the troposphere,
rather than a model dependent upon radiation.

A significant conclusion from this observation is that the temperature
distribution in the Earth’s troposphere must be close to adiabatic, as when
the air mass warms and compresses while moving down and cools while
expanding and rising. This does not necessarily imply that at any instant,
distribution of temperature must be totally adiabatic. There are several
processes of heat transfer occurring in the Earth’s atmosphere: radiation,
convection and conduction.

The adiabatic temperature distribution is determined by the atmo-
spheric pressure, p, and by the effective thermal capacity of atmosphere:

% = constant (ideal gas law) (Eq.9.3)

as the volume never changes. The thermal capacity considers its additional
heating capability as a result of the absorption of infrared radiation of the
Earth’s surface by the greenhouse gases and heat of condensation of water
vapor in the troposphere. For an adiabatic process, the temperature of
gas is a function of pressure that can be presented in the following form
(Landau and Lifshits, 1979):

T =Cp%, (Eq. 9.4)

where C is a constant, which can be estimated using the experimental data,
a=-Dy;y= cp/cv and c, and c_are the specific heats of gas at con-
stant pressure and constant volume, respectively. For triatomic gases, CO,
and H,0, y=1.3 and a =0.2308, whereas for the diatomic gases, N, and
O,7= 1 4 and a = 0.2857. Because of condensation of water vapor m tro-
posphere, which process emits heat, the adiabatic exponent, a, decreases,
e.g., the average value of this parameter for the humid and heat-absorbing
troposphere, a = 0.1905, whereas for the dry air, a = 0.2846 (Sorokhtin and
Ushakov, 1999).

Condensation of water vapor in the troposphere creates cloudiness,
which is the primary factor that determines the Earth’s albedo, A. This pro-
cess gives rise to a strong negative feedback between the near-surface and
radiation temperatures for the Earth, stabilizing the temperature regime



THE ErFreCT OF THE GREENHOUSE GASES 137

of the troposphere. A rising surface temperature increases the water evap-
oration and the resulting cloudiness in the troposphere, which increases
the albedo of planet and the reflection capacity of Earth’s atmosphere. The
portion of solar radiation reflected to space increases, decreasing the heat
(energy) supplied to the Earth. As a result, the average temperature of
Earth’s surface decreases.

In any system, a negative feedback leads to a linear dependence of the
system’s output on the system’s input. This is a universal property of sys-
tems with negative feedbacks. This property manifests itself in various sys-
tems, e.g., the centrifugal regulator of James Watt in a steam engine or the
thermal (self-organizing) system of atmosphere.

In the Earth’s atmospheric thermal system, the input is the temperature
T, which is determined by solar radiation (for the distance of Earth from
the Sun) whereas the output is the average surface temperature, T ; for the
Earth, the temperature T, =288.2 K or 15 °C. Thus, the average surface
temperature, T; is a linear function of T ,, which characterizes the solar
radiation at the distance from Earth to Sun. This enables one to determine
the average temperature, T, at any point in the troposphere with pressure, p:

(e
= Tgb (p_()] ¥ (Eq 9.5)

In Eq. 9.4, Cand a are defined for the temperature T , = 288.2 K and the
atmospheric pressure at sea level, one can rewrite Eq. 9.5 in the following
form:

T, =Cp:. (Eq.9.6)

gb

In Eq. 9.6, the constant C is equal to 288.2. One can then define the
average temperature at any elevation in the troposphere by the following
exponential function at p > 0.2 atm:

= 288.2(;1:—] . (Eq. 9.7)

It is noteworthy that in the formula,

1
S )4
Tbg - (-4—;) (Eq 9.8)






