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9 THE ATMOSPHERE AND 
ATMOSPHERIC CHEMISTRY____________________________________________________

9.1. THE ATMOSPHERE AND ATMOSPHERIC CHEMISTRY

The atmosphere consists of the thin layer of mixed gases covering the earth’s
surface. Exclusive of water, atmospheric air is 78.1% (by volume) nitrogen, 21.0%
oxygen, 0.9% argon, and 0.03% carbon dioxide. Normally, air contains 1-3% water
vapor by volume. In addition, air contains a large variety of trace level gases at
levels below 0.002%, including neon, helium, methane, krypton, nitrous oxide,
hydrogen, xenon, sulfur dioxide, ozone, nitrogen dioxide, ammonia, and carbon
monoxide.

The atmosphere is divided into several layers on the basis of temperature. Of
these, the most significant are the troposphere extending in altitude from the earth’s
surface to approximately 11 kilometers (km), and the stratosphere from about 11 km
to approximately 50 km. The temperature of the troposphere ranges from an average
of 15˚C at sea level to an average of -56˚C at its upper boundary. The average
temperature of the stratosphere increases from -56˚C at its boundary with the
troposphere to –2˚C at its upper boundary. The reason for this increase is absorption
of solar ultraviolet energy by ozone (O3) in the stratosphere.

Various aspects of the environmental chemistry of the atmosphere are discussed
in Chapters 9–14. The most significant feature of atmospheric chemistry is the
occurrence of photochemical reactions resulting from the absorption by molecules
of light photons, designated hν. (The energy, E, of a photon of visible or ultraviolet
light is given by the equation, E = hν, where h is Planck’s constant and ν is the
frequency of light, which is inversely proportional to its wavelength. Ultraviolet
radiation has a higher frequency than visible light and is, therefore, more energetic
and more likely to break chemical bonds in molecules that absorb it.) One of the
most significant photochemical reactions is the one responsible for the presence of
ozone in the stratosphere (see above), which is initiated when O2 absorbs highly
energetic ultraviolet radiation in the wavelength ranges of 135-176 nanometers (nm)
and 240-260 nm in the stratosphere:
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O2  +  hν  →  O  +  O (2.3.1) 

The oxygen atoms produced by the photochemical dissociation of O2 react with
oxygen molecules to produce ozone, O3

 ,

O  +  O2  +  M  →  O3
  +  M (2.3.2)

where M is a third body, such as a molecule of N2 , which absorbs excess energy
from the reaction. The ozone that is formed is very effective in absorbing ultraviolet
radiation in the 220-330 nm wavelength range, which causes the temperature
increase observed in the stratosphere. The ozone serves as a very valuable filter to
remove ultraviolet radiation from the sun’s rays. If this radiation reached the earth’s
surface, it would cause skin cancer and other damage to living organisms. 

Gaseous Oxides in the Atmosphere

Oxides of carbon, sulfur, and nitrogen are important constituents of the
atmosphere and are pollutants at higher levels. Of these, carbon dioxide, CO2, is the
most abundant.  It is a natural atmospheric constituent, and it is required for plant
growth. However, the level of carbon dioxide in the atmosphere, now at about 360
parts per million (ppm) by volume, is increasing by about 1 ppm per year. As
discussed in Chapter 14, this increase.in atmospheric CO2 may well cause general
atmospheric warming—the “greenhouse effect,” with potentially very serious
consequences for the global atmosphere and for life on earth. Though not a global
threat, carbon monoxide, CO, can be a serious health threat because it prevents blood
from transporting oxygen to body tissues.

The two most serious nitrogen oxide air pollutants are nitric oxide, NO, and
nitrogen dioxide, NO2, collectively denoted as “NOx.” These tend to enter the
atmosphere as NO, and photochemical processes in the atmosphere can convert NO
to NO2. Further reactions can result in the formation of corrosive nitrate salts or
nitric acid, HNO3. Nitrogen dioxide is particularly significant in atmospheric
chemistry because of its photochemical dissociation by light with a wavelength less
than 430 nm to produce highly reactive O atoms. This is the first step in the
formation of photochemical smog (see below). Sulfur dioxide, SO2, is a reaction
product of the combustion of sulfur-containing fuels such as high-sulfur coal. Part of
this sulfur dioxide is converted in the atmosphere to sulfuric acid, H2SO4, normally
the predominant contributor to acid precipitation.

Hydrocarbons and Photochemical Smog

The most abundant hydrocarbon in the atmosphere is methane, CH4, released
from underground sources as natural gas and produced by the fermentation of
organic matter. Methane is one of the least reactive atmospheric hydrocarbons and is
produced by diffuse sources, so that its participation in the formation of pollutant
photochemical reaction products is minimal. The most significant atmospheric
pollutant hydrocarbons are the reactive ones produced as automobile exhaust
emissions. In the presence of NO, under conditions of temperature inversion (see
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Chapter 11), low humidity, and sunlight, these hydrocarbons produce undesirable
photochemical smog  manifested by the presence of visibility-obscuring particulate
matter, oxidants such as ozone, and noxious organic species such as aldehydes.

Particulate Matter 

Particles ranging from aggregates of a few molecules to pieces of dust readily
visible to the naked eye are commonly found in the atmosphere and are discussed in
detail in Chapter 10. Some atmospheric particles, such as sea salt formed by the
evaporation of water from droplets of sea spray, are natural and even beneficial
atmospheric constituents. Very small particles called condensation nuclei serve as
bodies for atmospheric water vapor to condense upon and are essential for the
formation of rain drops. Colloidal-sized particles in the atmosphere are called
aerosols. Those formed by grinding up bulk matter are known as dispersion
aerosols, whereas particles formed from chemical reactions of gases are
condensation aerosols; the latter tend to be smaller. Smaller particles are in general
the most harmful because they have a greater tendency to scatter light and are the
most respirable (tendency to be inhaled into the lungs).

Much of the mineral particulate matter in a polluted atmosphere is in the form of
oxides and other compounds produced during the combustion of high-ash fossil fuel.
Smaller particles of fly ash enter furnace flues and are efficiently collected in a
properly equipped stack system. However, some fly ash escapes through the stack
and enters the atmosphere. Unfortunately, the fly ash thus released tends to consist
of smaller particles that do the most damage to human health, plants, and visibility.

9.2. IMPORTANCE OF THE ATMOSPHERE

The atmosphere is a protective blanket which nurtures life on the Earth and
protects it from the hostile environment of outer space. The atmosphere is the source
of carbon dioxide for plant photosynthesis and of oxygen for respiration. It provides
the nitrogen that nitrogen-fixing bacteria and ammonia-manufacturing plants use to
produce chemically-bound nitrogen, an essential component of life molecules. As a
basic part of the hydrologic cycle (Figure 3.1) the atmosphere transports water from
the oceans to land, thus acting as the condenser in a vast solar-powered still.
Unfortunately, the atmosphere also has been used as a dumping ground for many
pollutant materials—ranging from sulfur dioxide to refrigerant Freon—a practice
which causes damage to vegetation and materials, shortens human life, and alters the
characteristics of the atmosphere itself. 

In its essential role as a protective shield, the atmosphere absorbs most of the
cosmic rays from outer space and protects organisms from their effects. It also
absorbs most of the electromagnetic radiation from the sun, allowing transmission of
significant amounts of radiation only in the regions of 300-2500 nm (near-
ultraviolet, visible, and near-infrared radiation)  and 0.01-40 m (radio waves). By
absorbing electromagnetic radiation below 300 nm, the atmosphere filters out dam-
aging ultraviolet radiation that would otherwise be very harmful to living organisms.
Furthermore, because it reabsorbs much of the infrared radiation by which absorbed
solar energy is re-emitted to space, the atmosphere stabilizes the earth’s temperature,
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preventing the tremendous temperature extremes that occur on planets and moons
lacking substantial atmospheres.

9.3. PHYSICAL CHARACTERISTICS OF THE ATMOSPHERE

Atmospheric science deals with the movement of air masses in the atmosphere,
atmospheric heat balance, and atmospheric chemical composition and reactions. In
order to understand atmospheric chemistry and air pollution, it is important to have
an overall appreciation of the atmosphere, its composition, and physical
characteristics as discussed in the first parts of this chapter.

Atmospheric Composition

Dry air within several kilometers of ground level consists of two major
components

• Nitrogen, 78.08 % (by volume) • Oxygen, 20.95 %

two minor components

• Argon, 0.934 % • Carbon dioxide, 0.036 %

in addition to argon, four more noble gases,

• Neon, 1.818 x 10-3 % • Helium, 5.24 x 10-4 %

• Krypton,  1.14 x 10-4 % • Xenon, 8.7 x 10-6 %

and trace gases  as given in Table 9.1. Atmospheric air may contain 0.1–5% water
by volume, with a normal range of 1–3%.

Variation of Pressure and Density with Altitude

As anyone who has exercised at high altitudes well knows, the density of the
atmosphere decreases sharply with increasing altitude as a consequence of the gas
laws and gravity. More than 99% of the total mass of the atmosphere is found within
approximately 30 km (about 20 miles) of the Earth’s surface. Such an altitude is
miniscule compared to the Earth’s diameter, so it is not an exaggeration to
characterize the atmosphere as a “tissue-thin” protective layer. Although the total
mass of the global atmosphere is huge, approximately 5.14 x 1015 metric tons, it is
still only about one millionth of the Earth’s total mass.

The fact that atmospheric pressure decreases as an approximately exponential
function of altitude largely determines the characteristics of the atmosphere. Ideally,
in the absence of mixing and at a constant absolute temperature, T, the pressure at
any given height, Ph, is given in the exponential form,

Ph  = P0e-Mgh/RT (9.3.1)
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Table 9.1.  Atmospheric Trace Gases in Dry Air Near Ground Level                                                                                                                                        

Gas or Volume Process for removal from
species percent1 Major sources the atmosphere                                                                                                                                        

CH4 1.6 x 10-4 Biogenic2 Photochemical3

CO ~1.2 x 10-5 Photochemical, anthro- Photochemical
  pogenic4

N2O 3 x 10-5 Biogenic Photochemical

NOx
5 10-10-10-6 Photochemical, lightning, Photochemical

  anthropogenic

HNO3 10-9-10-7 Photochemical Washed out by precipitation

NH3 10-8-10-7 Biogenic Photochemical, washed out
  by precipitation

H2 5 x 10-5 Biogenic, photochemical Photochemical

H2O2 10-8-10-6 Photochemical Washed out by precipitation

HO.6 10-13-10-10 Photochemical Photochemical

HO2
.6 10-11-10-9 Photochemical Photochemical

H2CO 10-8-10-7 Photochemical Photochemical

CS2 10-9-10-8 Anthropogenic, biogenic Photochemical

OCS 10-8 Anthropogenic, biogenic, Photochemical
  photochemical

SO2 ~2 x 10-8 Anthropogenic, photo- Photochemical
  chemical, volcanic

I2 0-trace — —

CCl2F2
7 2.8 x 10-5 Anthropogenic Photochemical

H3CCCl3
8 ~1 x 10-8 Anthropogenic Photochemical                                                                                                                                        

1 Levels in the absence of gross pollution
2 From biological sources
3 Reactions induced by the absorption of light energy as described later in this chapter and in

Chapters 10-14
4 Sources arising from human activities
5 Sum of NO, NO2, and NO3, of which NO3 is a major reactive species in the atmosphere at night
6 Reactive free radical species with one unpaired electron, described later in Chapters 12 and 13;

these are transient species whose concentrations become much lower at night
7 A chlorofluorocarbon, Freon F-12
8 Methyl chloroform

where P0 is the pressure at zero altitude (sea level); M is the average molar mass of
air (28.97 g/mole in the troposphere); g is the acceleration of gravity (981 cm x sec-2

at sea level); h is the altitude in cm; and R is the gas constant (8.314 x 107 erg x deg-
1 x mole-1). These units are given in the cgs (centimeter-gram-sec) system for
consistency; altitude can be converted to meters or kilometers as appropriate.
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The factor RT/Mg is defined as the scale height , which represents the increase
in altitude by which the pressure drops by e-1. At an average sea-level temperature of
288 K, the scale height is 8 x 105 cm or 8 km; at an altitude of 8 km, the pressure is
only about 39% of that at sea-level.

Conversion of Equation 9.2.1 to the logarithmic (base 10) form and expression
of h in km yields

Log Ph  =  Log P0  -  
Mgh x 105

(9.3.2)                 
2.303RT

and taking the pressure at sea level to be exactly 1 atm gives the following
expression:

Log Ph  =  -  Mgh x 105
(9.3.3)                 

2.303 RT

Plots of Ph and temperature versus altitude are shown in Figure 9.1. The plot of
Ph is nonlinear because of variations arising from nonlinear variations in temperature
with altitude that are discussed later in this section and from the mixing of air
masses.

The characteristics of the atmosphere vary widely with altitude, time (season),
location (latitude), and even solar activity. Extremes of pressure and temperature are
illustrated in Figure 9.1. At very high altitudes, normally reactive species such as
atomic oxygen, O, persist for long periods of time. That occurs because the pressure
is very low at these altitudes such that the distance traveled by a reactive species 
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Figure 9.1.  Variation of pressure (solid line) and temperature (dashed line) with altitude.
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before it collides with a potential reactant — its mean free path — is quite high. A
particle with a mean free path of 1 x 10-6 cm at sea level has a mean free path greater
than 1 x 106 cm at an altitude of 500 km, where the pressure is lower by many orders
of magnitude.

Stratification of the Atmosphere

As shown in Figure 9.2, the atmosphere is stratified on the basis of the
temperature/density relationships resulting from interactions between physical and
photochemical (light-induced chemical phenomena) processes in air. 

The lowest layer of the atmosphere extending from sea level to an altitude of 10-
16 km is the troposphere, characterized by a generally homogeneous composition of
major gases other than water and decreasing temperature with increasing altitude
from the heat-radiating surface of the earth. The upper limit of the troposphere,
which has a temperature minimum of about -56˚C, varies in altitude by a kilometer
or more with atmospheric temperature, underlying terrestrial surface, and time. The
homogeneous composition of the troposphere results from constant mixing by
circulating air masses. However, the water vapor content of the troposphere is
extremely variable because of cloud formation, precipitation, and evaporation of
water from terrestrial water bodies.

The very cold temperature of the tropopause layer at the top of the troposphere
serves as a barrier that causes water vapor to condense to ice so that it cannot reach
altitudes at which it would photodissociate through the action of intense high-energy
ultraviolet radiation. If this happened, the hydrogen produced would escape the
earth’s atmosphere and be lost. (Much of the hydrogen and helium gases originally
present in the earth’s atmosphere were lost by this process.)

The atmospheric layer directly above the troposphere is the stratosphere, in
which the temperature rises to a maximum of about -2˚C with increasing altitude.
This phenomenon is due to the presence of ozone, O3, which may reach a level of
around 10 ppm by volume in the mid-range of the stratosphere. The heating effect is
caused by the absorption of ultraviolet radiation energy by ozone, a phenomenon
discussed later in this chapter.

The absence of high levels of radiation-absorbing species in the mesosphere
immediately above the stratosphere results in a further temperature decrease to about
–92˚C at an altitude around 85 km. The upper regions of the mesosphere and higher
define a region called the exosphere from which molecules and ions can completely
escape the atmosphere. Extending to the far outer reaches of the atmosphere is the
thermosphere, in which the highly rarified gas reaches temperatures as high as
1200˚C by the absorption of very energetic radiation of wavelengths less than
approximately 200 nm by gas species in this region.

9.4. ENERGY TRANSFER IN THE ATMOSPHERE

The physical and chemical characteristics of the atmosphere and the critical heat
balance of the earth are determined by energy and mass transfer processes in the
atmosphere. Energy transfer phenomena are addressed in this section and mass
transfer in Section 9.4.
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Figure 9.2.  Major regions of the atmosphere (not to scale).

Incoming solar energy is largely in the visible region of the spectrum. The shorter
wavelength blue solar light is scattered relatively more strongly by molecules and
particles in the upper atmosphere, which is why the sky is blue as it is viewed by
scattered light. Similarly, light that has been transmitted through scattering atmos-
pheres appears red, particularly around sunset and sunrise, and under circumstances
in which the atmosphere contains a high level of particles. The solar energy flux
reaching the atmosphere is huge, amounting to 1.34 x 103 watts per square meter
(19.2 kcal per minute per square meter) perpendicular to the line of solar flux at the
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top of the atmosphere, as illustrated in Figure 9.3. This value is the solar constant ,
and may be termed insolation, which stands for “incoming solar radiation.” If all
this energy reached the earth’s surface and was retained, the planet would have
vaporized long ago.  As it is, the complex factors involved in maintaining the Earth’s
heat balance within very narrow limits are crucial to retaining conditions of climate
that will support present levels of life on earth. The great changes of climate that
resulted in ice ages during some periods, or tropical conditions during others, were
caused by variations of only a few degrees in average temperature. Marked climate
changes within recorded history have been caused by much smaller average temper-
ature changes. The mechanisms by which the earth’s average temperature is retained
within its present narrow range are complex and not completely understood, but the
main features are explained here.

Sun

1 m

1 m

1,340 watts

Figure 9.3.  The solar flux at the distance of the Earth from the sun is 1.34 x 103 watts/m2.

About half of the solar radiation entering the atmosphere reaches the earth’s
surface either directly or after scattering by clouds, atmospheric gases, or particles.
The remaining half of the radiation is either reflected directly back or absorbed in the
atmosphere, and its energy radiated back into space at a later time as infrared
radiation. Most of the solar energy reaching the surface is absorbed and it must be
returned to space in order to maintain heat balance. In addition, a very small amount
of energy (less than 1% of that received from the sun) reaches the earth’s surface by
convection and conduction processes from the earth’s hot mantle, and this, too, must
be lost.
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Energy transport, which is crucial to eventual reradiation of energy from the
earth, is accomplished by three major mechanisms. These are conduction, convec-
tion, and radiation. Conduction of energy occurs through the interaction of adjacent
atoms or molecules without the bulk movement of matter and is a relatively slow
means of transferring energy in the atmosphere. Convection involves the movement
of whole masses of air, which may be either relatively warm or cold. It is the
mechanism by which abrupt temperature variations occur when large masses of air
move across an area. As well as carrying sensible heat  due to the kinetic energy of
molecules, convection carries latent heat in the form of water vapor which releases
heat as it condenses. An appreciable fraction of the earth’s surface heat is transported
to clouds in the atmosphere by conduction and convection before being lost
ultimately by radiation.

Radiation of energy in earth’s atmosphere occurs through electromagnetic
radiation in the infrared region of the spectrum. Electromagnetic radiation is the only
way in which energy is transmitted through a vacuum; therefore, it is the means by
which all of the energy that must be lost from the planet to maintain its heat balance
is ultimately returned to space. The electromagnetic radiation that carries energy
away from the earth is of a much longer wavelength than the sunlight that brings
energy to the earth. This is a crucial factor in maintaining the earth’s heat balance,
and one susceptible to upset by human activities. The maximum intensity of
incoming radiation occurs at 0.5 micrometers (500 nanometers) in the visible region,
with essentially none outside the range of 0.2 µm to 3 µm. This range encompasses
the whole visible region and small parts of the ultraviolet and infrared adjacent to it.
Outgoing radiation is in the infrared region, with maximum intensity at about 10 µm,
primarily between 2 µm and 40 µm. Thus the earth loses energy by electromagnetic
radiation of a much longer wavelength (lower energy per photon) than the radiation
by which it receives energy.

Earth’s Radiation Budget 

The earth’s radiation budget is illustrated in Figure 9.4. The average surface
temperature is maintained at a relatively comfortable 15˚C because of an
atmospheric “greenhouse effect” in which water vapor and, to a lesser extent, carbon
dioxide reabsorb much of the outgoing radiation and reradiate about half of it back to
the surface. Were this not the case, the surface temperature would average around -
18˚C. Most of the absorption of infrared radiation is done by water molecules in the
atmosphere. Absorption is weak in the regions 7-8.5 µm and 11-14 µm, and
nonexistent between 8.5 µm and 11 µm, leaving a “hole” in the infrared absorption
spectrum through which radiation may escape. Carbon dioxide, though present at a
much lower concentration than water vapor, absorbs strongly between 12 µm and
16.3 µm, and plays a key role in maintaining the heat balance. There is concern that
an increase in the carbon dioxide level in the atmosphere could prevent sufficient
energy loss to cause a perceptible and damaging increase in the earth’s temperature.
This phenomenon, discussed in more detail in Section 9.11 and Chapter 14, is
popularly known as the greenhouse effect and may occur from elevated CO2 levels
caused by increased use of fossil fuels and the destruction of massive quantities of
forests.
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An important aspect of solar radiation that reaches earth’s surface is the percentage
reflected from the surface, described as albedo. Albedo is important in determining
earth’s heat balance in that absorbed radiation heats the surface, and reflected
radiation does not. Albedo varies spectacularly with the surface. At the two
extremes, freshly fallen snow has an albedo of 90 % because it reflects 9/10 of
incoming radiation, whereas freshly plowed black topsoil has an albedo of only
about 2.5 %.

9.5. ATMOSPHERIC MASS TRANSFER, METEOROLOGY,
AND WEATHER

Meteorology is the science of atmospheric phenomena, encompassing the study
of the movement of air masses as well as physical forces in the atmosphere—heat,
wind, and transitions of water, primarily liquid to vapor or vice versa. Meteor-
ological phenomena affect, and in turn are affected by, the chemical properties of the
atmosphere. For example, before modern emission controls took effect, meteoro-
logical phenomena determined whether or not power plant stack gas heavily laced
with sulfur dioxide was dispersed high in the atmosphere with little direct effect
upon human health, or settled as a choking chemical blanket in the vicinity of the
power plant. Los Angeles largely owes its susceptibility to smog to the meteorology
of the Los Angeles basin, which holds hydrocarbons and nitrogen oxides long
enough to cook up an unpleasant brew of damaging chemicals under the intense rays
of the sun (see the discussion of photochemical smog in Chapter 13). Short-term
variations in the state of the atmosphere constitute weather. The weather is defined
in terms of seven major factors: temperature, clouds, winds, humidity, horizontal
visibility (as affected by fog, etc.), type and quantity of precipitation, and
atmospheric pressure. All of these factors are closely interrelated. Longer-term
variations and trends within a particular geographical region in those factors that
compose weather are described as climate, a term defined and discussed in Section
9.6.

Atmospheric Water in Energy and Mass Transfer

The driving force behind weather and climate is the distribution and ultimate re-
radiation to space of solar energy. A large fraction of solar energy is converted to
latent heat by evaporation of water into the atmosphere. As water condenses from
atmospheric air, large quantities of heat are released. This is a particularly significant
means for  transferring energy from the ocean to land. Solar energy falling on the
ocean is converted to latent heat by the evaporation of water, then the water vapor
moves inland where it condenses.  The latent heat released when the water con-
denses warms the surrounding land mass.

Atmospheric water can be present as vapor, liquid, or ice.  The water vapor
content of air can be expressed as humidity. Relative humidity, expressed as a
percentage, describes the amount of water vapor in the air as a ratio of the maximum
amount that the air can hold at that temperature. Air with a given relative humidity
can undergo any of several processes to reach the saturation point at which water
vapor condenses in the form of rain or snow. For this condensation to happen, air
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must be cooled below a temperature called the dew point , and condensation nuclei
must be present. These nuclei are hygroscopic substances such as salts, sulfuric acid
droplets, and some organic materials, including bacterial cells. Air pollution in some
forms is an important source of condensation nuclei.

The liquid water in the atmosphere is present largely in clouds. Clouds normally
form when rising, adiabatically cooling air can no longer hold water in the vapor
form and the water forms very small aerosol droplets. Clouds may be classified in
three major forms. Cirrus clouds occur at great altitudes and have a thin feathery
appearance. Cumulus clouds are detached masses with a flat base and frequently a
“bumpy” upper structure. Stratus clouds occur in large sheets and may cover all of
the sky visible from a given point as overcast.  Clouds are important absorbers and
reflectors of radiation (heat). Their formation is affected by the products of human
activities, especially particulate matter pollution and emission of deliquescent gases
such as SO2 and HCl.

The formation of precipitation from the very small droplets of water that
compose clouds is a complicated and important process. Cloud droplets normally
take somewhat longer than a minute to form by condensation. They average about
0.04 mm across and do not exceed 0.2 mm in diameter. Raindrops range from 0.5–4
mm in diameter. Condensation processes do not form particles large enough to fall
as precipitation (rain, snow, sleet, or hail). The small condensation droplets must
collide and coalesce to form precipitation-size particles. When droplets reach a
threshold diameter of about 0.04 mm, they grow more rapidly by coalescence with
other particles than by condensation of water vapor.

Air Masses

Distinct air masses are a major feature of the troposphere. These air masses are
uniform and horizontally homogeneous. Their temperature and water-vapor content
are particularly uniform. These characteristics are determined by the nature of the
surface over which a large air mass forms. Polar continental air masses form over
cold land regions; polar maritime air masses form over polar oceans. Air masses
originating in the tropics may be similarly classified as tropical continental air
masses or tropical maritime air masses. The movement of air masses and the
conditions in them may have important effects upon pollutant reactions, effects, and
dispersal.

Solar energy received by earth is largely redistributed by the movement of huge
masses of air with different pressures, temperatures, and moisture contents separated
by boundaries called fronts. Horizontally moving air is called wind, whereas vertic-
ally moving air is referred to as an air current . Atmospheric air moves constantly,
with behavior and effects that reflect the laws governing the behavior of gases. First
of all, gases will move horizontally and/or vertically from regions of high
atmopheric pressure to those of low atmospheric pressure. Furthermore, expansion
of gases causes cooling, whereas compression causes warming. A mass of warm air
tends to move from earth’s surface to higher altitudes where the pressure is lower; in
so doing, it expands adiabatically (that is, without exchanging energy with its
surroundings) and becomes cooler. If there is no condensation of moisture from the
air, the cooling effect is about 10˚C per 1000 meters of altitude, a figure known as
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the dry adiabatic lapse rate. A cold mass of air at a higher altitude does the
opposite; it sinks and becomes warmer at about 10˚C/1000 m. Often, however, when
there is sufficient moisture in rising air, water condenses from it, releasing latent
heat. This partially counteracts the cooling effect of the expanding air, giving a
moist adiabatic lapse rate of about 6˚C/1000 m. Parcels of air do not rise and fall,
or even move horizontally in a completely uniform way, but exhibit eddies, currents,
and various degrees of turbulence.

As noted above, wind is air moving horizontally, whereas air currents are
created by air moving up or down. Wind occurs because of differences in air
pressure from high pressure regions to low pressure areas. Air currents are largely
convection currents formed by differential heating of air masses. Air that is over a
solar heated land mass is warmed, becomes less dense and therefore rises and is
replaced by cooler and more dense air. Wind and air currents are strongly involved
with air pollution phenomena. Wind carries and disperses air pollutants. In some
cases the absence of wind can enable pollutants to collect in a region and undergo
processes that lead to even more (secondary) pollutants. Prevailing wind direction is
an important factor in determining the areas most affected by an air pollution source.
Wind is an important renewable energy resource (see Chapter 18). Furthermore,
wind plays an important role in the propagation of life by dispersing spores, seeds,
and organisms, such as spiders.

Topographical Effects

Topography, the surface configuration and relief features of the earth’s surface
may strongly affect winds and air currents. Differential heating and cooling of land
surfaces and bodies of water can result in local convective winds, including land
breezes and sea breezes at different times of the day along the seashore, as well as
breezes associated with large bodies of water inland. Mountain topography causes
complex and variable localized winds. The masses of air in mountain valleys heat up
during the day causing upslope winds, and cool off at night causing downslope
winds. Upslope winds flow over ridge tops in mountainous regions. The blocking of
wind and of masses of air by mountain formations some distance inland from
seashores can trap bodies of air, particularly when temperature inversion conditions
occur (see Section 9.5). 

Movement of Air Masses

Basically, weather is the result of the interactive effects of (1) redistribution of
solar energy, (2) horizontal and vertical movement of air masses with varying
moisture contents, and (3) evaporation and condensation of water, accompanied by
uptake and release of heat. To see how these factors determine weather—and
ultimately climate—on a global scale, first consider the cycle illustrated in Figure
9.5. This figure shows solar energy being absorbed by a body of water and causing
some water to evaporate. The warm, moist mass of air thus produced moves from a
region of high pressure to one of low pressure, and cools by expansion as it rises in
what is called a convection column . As the air cools, water condenses from it and
energy is released; this is a major pathway by which energy is transferred from the
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earth’s surface to high in the atmosphere. As a result of condensation of water and
loss of energy, the air is converted from warm, moist air to cool, dry air.
Furthermore, the movement of the parcel of air to high altitudes results in a degree of
“crowding” of air molecules and creates a zone of relatively high pressure high in
the troposphere at the top of the convection column. This air mass, in turn, moves
from the upper-level region of high pressure to one of low pressure; in so doing, it
subsides, thus creating an upper-level low pressure zone, and becomes warm, dry air
in the process. The pileup of this air at the surface creates a surface high pressure
zone where the cycle described above began. The warm, dry air in this surface high
pressure zone again picks up moisture, and the cycle begins again.

Body of liquid water

Figure 9.5.  Circulation patterns involved with movement of air masses and water; uptake and
release of solar energy as latent heat in water vapor.
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Global Weather

The factors discussed above that determine and describe the movement of air
masses are involved in the massive movement of air, moisture, and energy that
occurs globally. The central feature of global weather is the redistribution of solar
energy that falls unequally on earth at different latitudes (relative distances from the
equator and poles). Consider Figure 9.6. Sunlight, and the energy flux from it, is
most intense at the equator because, averaged over the seasons, solar radiation comes
in perpendicular to earth’s surface at the Equator. With increasing distance from the
equator (higher latitudes) the angle is increasingly oblique and more of the energy-
absorbing atmosphere must be traversed, so that progressively less energy is
received per unit area of earth’s surface. The net result is that equatorial regions
receive a much greater share of solar radiation, progressively less is received farther
from the Equator, and the poles receive a comparatively miniscule amount. The
excess heat energy in the equatorial regions causes the air to rise. The air ceases to
rise when it reaches the stratosphere because in the stratosphere the air becomes
warmer with higher elevation. As the hot equatorial air rises in the troposphere, it
cools by expansion and loss of water, then sinks again. The air circulation patterns in
which this occurs are called Hadley cells . As  shown in Figure 9.6, there are three
major groupings of these cells, which result in very distinct climatic regions on
earth’s surface. The air in the Hadley cells does not move straight north and south,
but is deflected by earth’s rotation and by contact with the rotating earth; this is the

Equato

30˚N

60˚N

Ascending air

Descending air
Southward moving
air
Northward moving
air

 

Figure 9.6.  Global circulation of air in the northern hemisphere.
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Coriolis effect, which results in spiral-shaped air circulation patterns called cyclonic
or anticyclonic, depending upon the direction of rotation. These give rise to different
directions of prevailing winds, depending on latitude. The boundaries between the
massive bodies of circulating air shift markedly over time and season, resulting in
significant weather instability.

The movement of air in Hadley cells combined with other atmospheric phenom-
ena results in the development of massive jet streams  that are, in a sense, shifting
rivers of air that may be several kilometers deep and several tens of km wide. Jet
streams move through discontinuities in the tropopause (see Section 9.2), generally
from west to east at velocities around 200 km/hr (well over 100 mph); in so doing,
they redistribute huge amounts of air and have a strong influence on weather
patterns.  

The air and wind circulation patterns described above shift massive amounts of
energy over long distances on earth. If it weren’t for this effect, the equatorial
regions would be unbearably hot, and the regions closer to the poles intolerably cold.
About half of the heat that is redistributed is carried as sensible heat by air
circulation, almost 1/3 is carried by water vapor as latent heat, and the remaining
approximately 20 % by ocean currents.

Weather Fronts and Storms

As noted earlier, the interface between two masses of air that differ in
temperature, density, and water content is called a front. A mass of cold air moving
such that it displaces one of warm air is a cold front, and a mass of warm air
displacing one of cold air is a warm front . Since cold air is more dense than warm
air, the air in a cold mass of air along a cold front pushes under warmer air. This
causes the warm, moist air to rises such that water condense from it. The
condensation of water releases energy, so the air rises further. The net effect can be
formation of massive cloud formations (thunderheads) that may reach stratospheric
levels. These spectacular thunderheads may produce heavy rainfall and even hail,
and sometimes violent storms with strong winds, including tornadoes. Warm fronts
cause somewhat similar effects as warm, moist air pushes over colder air. However,
the front is usually much broader, and the weather effects milder, typically resulting
in widespread drizzle rather than intense rainstorms.

Swirling cyclonic storms, such as typhoons, hurricanes, and tornadoes, are
created in low pressure areas by rising masses of warm, moist air. As such air cools,
water vapor condenses, and the latent heat released warms the air more, sustaining
and intensifying its movement upward in the atmosphere. Air rising from surface
level creates a low pressure zone into which surrounding air moves. The movement
of the incoming air assumes a spiral pattern, thus causing a cyclonic storm.   

9.6. INVERSIONS AND AIR POLLUTION
  

The complicated movement of air across the earth’s surface is a crucial factor in
the creation and dispersal of air pollution phenomena. When air movement ceases,
stagnation can occur with a resultant buildup of atmospheric pollutants in localized
regions. Although the temperature of air relatively near the earth’s surface normally
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decreases with increasing altitude, certain atmospheric conditions can result in the
opposite condition—increasing temperature with increasing altitude. Such conditions
are characterized by high atmospheric stability and are known as temperature
inversions. Because they limit the vertical circulation of air, temperature inversions
result in air stagnation and the trapping of air pollutants in localized areas.

Inversions can occur in several ways. In a sense, the whole atmosphere is
inverted by the warm stratosphere, which floats atop the troposphere, with relatively
little mixing. An inversion can form from the collision of a warm air mass (warm
front) with a cold air mass (cold front). The warm air mass overrides the cold air
mass in the frontal area, producing the inversion. Radiation inversions are likely to
form in still air at night when the Earth is no longer receiving solar radiation. The air
closest to the earth cools faster than the air higher in the atmosphere, which remains
warm, thus less dense. Furthermore, cooler surface air tends to flow into valleys at
night, where it is overlain by warmer, less dense air. Subsidence inversions, often
accompanied by radiation inversions, can become very widespread. These inversions
can form in the vicinity of a surface high-pressure area when high-level air subsides
to take the place of surface air blowing out of the high-pressure zone. The subsiding
air is warmed as it compresses and can remain as a warm layer several hundred
meters above ground level. A marine inversion is produced during the summer
months when cool air laden with moisture from the ocean blows onshore and under
warm, dry inland air.

As noted above, inversions contribute significantly to the effects of air pollution
because, as shown in Figure 9.7, they prevent mixing of air pollutants, thus keeping
the pollutants in one area. This not only prevents the pollutants from escaping, but
also acts like a container in which additional pollutants accumulate. Furthermore, in
the case of secondary pollutants formed by atmospheric chemical processes, such as
photochemical smog (see Chapter 13), the pollutants may be kept together such that
they react with each other and with sunlight to produce even more noxious products.

Warmer air

Cooler airUrban air pollutants

Confining topography

Figure 9.7.  Illustration of pollutants trapped in a temperature inversion.
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9.7. GLOBAL CLIMATE AND MICROCLIMATE

Perhaps the single most important influence on Earth’s environment is climate,
consisting of long-term weather patterns over large geographical areas. As a general
rule, climatic conditions are characteristic of a particular region. This does not mean
that climate remains the same throughout the year, of course, because it varies with
season. One important example of such variation is the monsoon, seasonal
variations in wind patterns between oceans and continents. The climates of Africa
and the Indian subcontinent are particularly influenced by monsoons. In the latter,
for example, summer heating of the Indian land mass causes air to rise, thereby
creating a low pressure area that attracts warm, moist air from the ocean. This air
rises on the slopes of the Himalayan mountains, which also block the flow of colder
air from the north; moisture from the air condenses; and monsoon rains carrying
enormous amounts of precipitation fall. Thus, from May until into August, summer
monsoon rains fall in India, Bangladesh, and Nepal. Reversal of the pattern of winds
during the winter months causes these regions to have a dry season, but produces
winter monsoon rains in the Philipine islands, Indonesia, New Guinea, and Australia.

Summer monsoon rains are responsible for tropical rain forests in Central Africa.
The interface between this region and the Sahara Desert varies over time. When the
boundary is relatively far north, rain falls on the Sahel desert region at the interface,
crops grow, and the people do relatively well. When the boundary is more to the
south, a condition which may last for several years, devastating droughts and even
starvation may occur.

It is known that there are fluctuations, cycles, and cycles imposed on cycles in
climate. The causes of these variations are not completely understood, but they are
known to be substantial, and even devastating to civilization. The last ice age, which
ended only about 10,000 years ago and which was preceded by several similar ice
ages, produced conditions under which much of the present land mass of the
Northern Hemisphere was buried under thick layers of ice and uninhabitable. A
“mini-ice age” occurred during the 1300s, causing crop failures and severe hardship
in northern Europe. In modern times the El-Niño-Southern Oscillation occurs with a
period of several years when a large, semi-permanent tropical low pressure area
shifts into the Central Pacific region from its more common location in the vicinity
of Indonesia. This shift modifies prevailing winds, changes the pattern of ocean
currents, and affects upwelling of ocean nutrients with profound effects on weather,
rainfall, and fish and bird life over a vast area of the Pacific from Australia to the
west coasts of South and North America.

Human Modifications of Climate
 

Although Earth’s atmosphere is huge and has an enormous ability to resist and
correct for detrimental change, it is possible that human activities are reaching a
point at which they may be adversely affecting climate. One such way is by emission
of large quantities of carbon dioxide and other greenhouse gases into the
atmosphere, such that global warming may occur and cause substantial climatic
change. Another way is through the release of gases, particularly chlorofluoro-
carbons (Freons) that may cause destruction of vital stratospheric ozone. Human
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effects on climate are addressed in Chapter 14, “The Endangered Global
Atmosphere.”

Microclimate 

The preceding section described climate on a large scale, ranging up to global
dimensions. The climate that organisms and objects on the surface are exposed to
close to the ground, under rocks, and surrounded by vegetation, is often quite
different from the surrounding macroclimate. Such highly localized climatic
conditions are termed the microclimate. Microclimate effects are largely determined
by the uptake and loss of solar energy very close to earth’s surface, and by the fact
that air circulation due to wind is much lower at the surface. During the day, solar
energy absorbed by relatively bare soil heats the surface, but is lost only slowly
because of very limited air circulation at the surface. This provides a warm blanket
of surface air several cm thick, and an even thinner layer of warm soil. At night,
radiative loss of heat from the surface of soil and vegetation can result in surface
temperatures several degrees colder than the air about 2 meters above ground level.
These lower temperatures result in condensation of dew on  vegetation and the soil
surface, thus providing a relatively more moist microclimate near ground level. Heat
absorbed during early morning evaporation of the dew tends to prolong the period of
cold experienced right at the surface.

Vegetation substantially affects microclimate. In relatively dense growths, circu-
lation may be virtually zero at the surface because vegetation severely limits convec-
tion and diffusion. The crown surface of the vegetation intercepts most of the solar
energy, so that maximum solar heating may be a significant distance up from earth’s
surface. The region below the crown surface of vegetation thus becomes one of
relatively stable temperature. In addition, in a dense growth of vegetation, most of
the moisture loss is not from evaporation from the soil surface, but rather from
transpiration from plant leaves. The net result is the creation of temperature and
humidity conditions that provide a favorable living environment for a number of
organisms, such as insects and rodents.

Another factor influencing microclimate is the degree to which the slope of land
faces north or south. South-facing slopes of land in the northern hemisphere receive
greater solar energy. Advantage has been taken of this phenomenon in restoring land
strip-mined for brown coal in Germany by terracing the land such that the terraces
have broad south slopes and very narrow north slopes. On the south-sloping portions
of the terrace, the net effect has been to extend the short summer growing season by
several days, thereby significantly increasing crop productivity. In areas where the
growing season is longer, better growing conditions may exist on a north slope
because it is less subject to temperature extremes and to loss of water by evaporation
and transpiration.

Effects of Urbanization on Microclimate

A particularly marked effect on microclimate is that induced by urbanization. In
a rural setting, vegetation and bodies of water have a moderating effect, absorbing
modest amounts of solar energy and releasing it slowly. The stone, concrete, and
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asphalt pavement of cities have an opposite effect, strongly absorbing solar energy,
and re-radiating heat back to the urban microclimate. Rainfall is not allowed to
accumulate in ponds, but is drained away as rapidly and efficiently as possible.
Human activities generate significant amounts of heat, and produce large quantities
of CO2 and other greenhouse gases that retain heat. The net result of these effects is
that a city is capped by a heat dome in which the temperature is as much as 5˚C
warmer than in the surrounding rural areas, such that large cities have been described
as “heat islands.” The rising warmer air over a city brings in a breeze from the
surrounding area and causes a local greenhouse effect that probably is largely
counterbalanced by reflection of incoming solar energy by particulate matter above
cities. Overall, compared to climatic conditions in nearby rural surroundings, the city
microclimate is warmer, foggier and overlain with more cloud cover a greater
percentage of the time, and is subject to more precipitation, though generally less
humid.        

9.8. CHEMICAL AND PHOTOCHEMICAL REACTIONS IN
THE ATMOSPHERE

Figure 9.8. represents some of the major atmospheric chemical processes, which
are discussed under the topic of atmospheric chemistry. The study of atmospheric
chemical reactions is difficult. One of the primary obstacles encountered in studying
atmospheric chemistry is that the chemist generally must deal with incredibly low
concentrations, so that the detection and analysis of reaction products is quite
difficult. Simulating high-altitude conditions in the laboratory can be extremely hard
because of interferences, such as those from species given off from container walls

Figure 9.8.  Representation of major atmospheric chemical processes.
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under conditions of very low pressure. Many chemical reactions that require a third
body to absorb excess energy occur very slowly in the upper atmosphere where there
is a sparse concentration of third bodies, but occur readily in a container whose walls
effectively absorb energy. Container walls may serve as catalysts for some important
reactions, or they may absorb important species and react chemically with the more
reactive ones.

Atmospheric chemistry involves the unpolluted atmosphere, highly polluted
atmospheres, and a wide range of gradations in between. The same general
phenomena govern all and produce one huge atmospheric cycle in which there are
numerous subcycles. Gaseous atmospheric chemical species fall into the following
somewhat arbitrary and overlapping classifications:  Inorganic oxides (CO, CO2,
NO2, SO2), oxidants (O3, H2O2, HO. radical, HO2

. radical, ROO. radicals, NO3),
reductants (CO, SO2, H2S), organics (also reductants; in the unpolluted atmosphere,
CH4 is the predominant organic species, whereas alkanes, alkenes, and aryl
compounds are common around sources of organic pollution), oxidized organic
species (carbonyls, organic nitrates), photochemically active species (NO2, form-
aldehyde), acids (H2SO4), bases (NH3), salts (NH4HSO4,), and unstable reactive
species (electronically excited NO2, HO• radical). In addition, both solid and liquid
particles in atmospheric aerosols and clouds play a strong role in atmospheric
chemistry as sources and sinks for gas-phase species, as sites for surface reactions
(solid particles), and as bodies for aqueous-phase reactions (liquid droplets). Two
constituents of utmost importance in atmospheric chemistry are radiant energy from
the sun, predominantly in the ultraviolet region of the spectrum, and the hydroxyl
radical, HO•. The former provides a way to pump a high level of energy into a single
gas molecule to start a series of atmospheric chemical reactions, and the latter is the
most important reactive intermediate and “currency” of daytime atmospheric
chemical phenomena; NO3 radicals are important intermediates in nightime
atmospheric chemistry. These are addressed in more detail in this chapter and
Chapters 10-14.

Photochemical Processes

The absorption by chemical species of light, broadly defined here to include
ultraviolet radiation from the sun, can bring about reactions, called photochemical
reactions, which do not otherwise occur under the conditions (particularly the
temperature) of the medium in the absence of light. Thus, photochemical reactions,
even in the absence of a chemical catalyst, occur at temperatures much lower than
those which otherwise would be required. Photochemical reactions, which are
induced by intense solar radiation, play a very important role in determining the
nature and ultimate fate of a chemical species in the atmosphere.

Nitrogen dioxide, NO2, is one of the most photochemically active species found
in a polluted atmosphere and is an essential participant in the smog-formation
process. A species such as NO2 may absorb light of energy hν, producing an
electronically excited molecule, 

NO2  +  hν  →  NO2
* (9.8.1)
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designated in the reaction above by an asterisk, *. The photochemistry of nitrogen
dioxide is discussed in greater detail in Chapters 11 and 13.

Electronically excited molecules are one of the three relatively reactive and
unstable species that are encountered in the atmosphere and are strongly involved
with atmospheric chemical processes. The other two species are atoms or molecular
fragments with unshared electrons, called free radicals, and ions consisting of
electrically-charged atoms or molecular fragments.

Electronically excited molecules are produced when stable molecules absorb
energetic electromagnetic radiation in the ultraviolet or visible regions of the spec-
trum. A molecule may possess several possible excited states, but generally ultra-
violet or visible radiation is energetic enough to excite molecules only to several of
the lowest energy levels. The nature of the excited state may be understood by
considering the disposition of electrons in a molecule.  Most molecules have an even
number of electrons. The electrons occupy orbitals, with a maximum of two
electrons with opposite spin occupying the same orbital. The absorption of light may
promote one of these electrons to a vacant orbital of higher energy. In some cases the
electron thus promoted retains a spin opposite to that of its former partner, giving
rise to an excited singlet state. In other cases the spin of the promoted electron is
reversed, such that it has the same spin as its former partner; this gives rise to an
excited triplet state.

Ground
state

Singlet
state

Triplet
state

These excited states are relatively energized compared to the ground state and
are chemically reactive species. Their participation in atmospheric chemical
reactions, such as those involved in smog formation, will be discussed later in detail.

In order for a photochemical reaction to occur, light must be absorbed by the
reacting species. If the absorbed light is in the visible region of the sun’s spectrum,
the absorbing species is colored.  Colored NO2 is a common example of such a
species in the atmosphere. Normally, the first step in a photochemical process is the
activation of the molecule by the absorption of a single unit of photochemical energy
characteristic of the frequency of the light called a quantum of light. The energy of
one quantum is equal to the product hν, where h is Planck’s constant, 6.63 x 10-27

erg.s (6.63 x 10 J.s), and ν  is the frequency of the absorbed light in s-1 (inversely
proportional to its wavelength, λ).

The reactions that occur following absorption of a photon of light to produce an
electronically excited species are largely determined by the way in which the excited
species loses its excess energy. This may occur by one of the following processes:

• Loss of energy to another molecule or atom (M) by physical quenching ,
followed by dissipation of the energy as heat
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O2*  +  M  →  O2  +  M(higher translational energy) (9.8.2)

• Dissociation of the excited molecule (the process responsible for the
predominance of atomic oxygen in the upper atmosphere)

O2*  →  O  +  O (9.8.3)

• Direct reaction with another species

O2*  +  O3  →  2O2  +  O (9.8.4)

• Luminescence consisting of loss of energy by the emission of elec-
tromagnetic radiation

NO2*  →  NO2  +  hν (9.8.5)

If the re-emission of light is almost instantaneous, luminescence is called
fluorescence, and if it is significantly delayed, the phenomenon is
phosphorescence. Chemiluminescence is said to occur when the excited
species (such as NO2* below) is formed by a chemical process:

O3   +  NO  →  NO2*  +  O2(higher energy) (9.8.6) 

• Intermolecular energy transfer in which an excited species transfers
energy to another species which then becomes excited

O2*  +  Na  →  O2  +  Na* (9.8.7)

A subsequent reaction by the second species is called a photosensitized
reaction.

• Intramolecular transfer in which energy is transferred within a molecule

XY*  →  XY†(where † denotes another excited
                                 state of the same molecule) (9.8.8)

• Spontaneous isomerization  as in the conversion of o-nitrobenzaldehyde
to o-nitrosobenzoic acid, a reaction used in chemical actinometers to
measure exposure to electromagnetic radiation:

 

C

NO

O

OHC

NO2

O

H
+  hν (9.8.9)

• Photoionization through loss of an electron
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N2*  →  N2
+  +  e- (9.8.10)

Electromagnetic radiation absorbed in the infrared region lacks the energy to
break chemical bonds, but does cause the receptor molecules to gain vibrational and
rotational energy. The energy absorbed as infrared radiation ultimately is dissipated
as heat and raises the temperature of the whole atmosphere. As noted in Section 9.3,
the absorption of infrared radiation is very important in the earth’s acquiring heat
from the sun and in the retention of energy radiated from the earth’s surface.

Ions and Radicals in the Atmosphere

One of the characteristics of the upper atmosphere which is difficult to duplicate
under laboratory conditions is the presence of significant levels of electrons and
positive ions. Because of the rarefied conditions, these ions may exist in the upper
atmosphere for long periods before recombining to form neutral species.

At altitudes of approximately 50 km and up, ions are so prevalent that the region
is called the ionosphere. The presence of the ionosphere has been known since about
1901, when it was discovered that radio waves could be transmitted over long dis-
tances where the curvature of the Earth makes line-of-sight transmission impossible.
These radio waves bounce off the ionosphere.

Ultraviolet light is the primary producer of ions in the ionosphere.  In darkness,
the positive ions slowly recombine with free electrons.  The process is more rapid in
the lower regions of the ionosphere where the concentration of species is relatively
high. Thus, the lower limit of the ionosphere lifts at night and makes possible the
transmission of radio waves over much greater distances.

The earth’s magnetic field has a strong influence upon the ions in the upper
atmosphere. Probably the best-known manifestation of this phenomenon is found in
the Van Allen belts, discovered in 1958 consisting of two belts of ionized particles
encircling the earth. They can be visualized as two doughnuts with the axis of earth’s
magnetic field extending through the holes in the doughnuts. The inner belt consists
of protons and the outer belt consists of electrons. A schematic diagram of the Van
Allen belts is shown in Figure 9.9.

Although ions are produced in the upper atmosphere primarily by the action of
energetic electromagnetic radiation, they may also be produced in the troposphere by
the shearing of water droplets during precipitation. The shearing may be caused by
the compression of descending masses of cold air or by strong winds over hot, dry
land masses. The last phenomenon is known as the foehn, sharav (in the Near East),
or Santa Ana (in southern California). These hot, dry winds cause severe discomfort.
The ions they produce consist of electrons and positively charged molecular species.

Free Radicals

In addition to forming ions by photoionization, energetic electromagnetic
radiation in the atmosphere may produce atoms or groups of atoms with unpaired
electrons called free radicals: 

CH3C

O

H H3C• +ν+  h C

O

H• (9.8.11)
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Figure 9.9.  Cross section of the Van Allen belts encircling the Earth.

Free radicals are involved with most significant atmospheric chemical phenom-
ena and are of the utmost importance in the atmosphere. Because of their unpaired
electrons and the strong pairing tendencies of electrons under most circumstances,
free radicals are highly reactive. The upper atmosphere is so rarefied, however, that
at very high altitudes radicals may have half-lives of several minutes, or even longer.
Radicals can take part in chain reactions in which one of the products of each
reaction is a radical. Eventually, through processes such as reaction with another
radical, one of the radicals in a chain is destroyed and the chain ends:

H3C•  + H3C•  →  C2H6 (9.8.12)

This process is a chain-terminating reaction . Reactions involving free radicals are
responsible for smog formation, discussed in Chapter 13.

Free radicals are quite reactive; therefore, they generally have short lifetimes. It
is important to distinguish between high reactivity and instability. A totally isolated
free radical or atom would be quite stable. Therefore, free radicals and single atoms
from diatomic gases tend to persist under the rarefied conditions of very high
altitudes because they can travel long distances before colliding with another
reactive species. However, electronically excited species have a finite, generally
very short lifetime because they can lose energy through radiation without having to
react with another species.

Hydroxyl and Hydroperoxyl Radicals in the Atmosphere

As illustrated in Figure 9.10, the hydroxyl radical, HO•, is the single most
important reactive intermediate species in atmospheric chemical processes. It is
formed by several mechanisms. At higher altitudes it is produced by photolysis of
water:

H2O  + hν  →  HO•  +  H (9.8.13)
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Figure 9.10.  Control of trace gas concentrations by HO• radical in the troposphere. Processes
below the dashed line are those largely involved in controlling the concentrations of HO• in the
troposphere; those above the line control the concentrations of the associated reactants and
products. Reservoirs of atmospheric species are shown in circles, reactions denoting conversion of
one species to another are shown by arrows, and the reactants or photons needed to bring about a
particular conversion are shown along the arrows. Hydrogen halides are denoted by HX and
hydrocarbons by HxYy. (Source:  D. D. Davis and W. L. Chameides, “Chemistry in the
Troposphere,” Chemical and Engineering News, October 4, 1982, pp. 39-52. Reprinted by
permission of the American Chemical Society.)

In the presence of organic matter, hydroxyl radical is produced in abundant
quantities as an intermediate in the formation of photochemical smog (see Chapter
13). To a certain extent in the atmosphere, and for laboratory experimentation, HO•

is made by the photolysis of nitrous acid vapor:

HONO  + hν  →  HO•  +  NO (9.8.14)

In the relatively unpolluted troposphere, hydroxyl radical is produced as the result of
the photolysis of ozone,
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O3  +  hν(λ < 315 nm)  →  O*  +  O2 (9.8.15)

followed by the reaction of a fraction of the excited oxygen atoms with water
molecules:

O*  +  H2O  →  2HO• (9.8.16)

Involvement of the hydroxyl radical in chemical transformations of a number of
trace species in the atmosphere is summarized in Figure 9.10, and some of the
pathways illustrated are discussed in later chapters. Among the important atmos-
pheric trace species that react with hydroxyl radical are carbon monoxide, sulfur
dioxide, hydrogen sulfide, methane, and nitric oxide.

Hydroxyl radical is most frequently removed from the troposphere by reaction
with methane or carbon monoxide:

CH4  +  HO•  →  H3C•  +  H2O (9.8.17)

CO  +  HO•  →  CO2  +  H (9.8.18)

The highly reactive methyl radical, H3C•, reacts with O2,

H3C•  +  O2  →  H3COO• (9.8.19)

to form methylperoxyl radical, H3COO•. (Further reactions of this species are dis-
cussed in Chapter 13.) The hydrogen atom produced in Reaction 9.8.17 reacts with
O2 to produce hydroperoxyl radical:

H  +  O2  →  HOO• (9.8.20)

The hydroperoxyl radical can undergo chain termination reactions, such as 

HOO•  +  HO•  →  H2O  +  O2 (9.8.21)

HOO•  +  HOO•  →  H2O2  +  O2 (9.8.22)

or reactions that regenerate hydroxyl radical:

HOO•  +  NO  →  NO2  +  HO• (9.8.23)

HOO•  +  O3  →  2O2  +  HO• (9.8.24)

The global concentration of hydroxyl radical, averaged diurnally and seasonally,
is estimated to range from 2 × 10 5 to 1 × 106 radicals per cm3 in the troposphere.
Because of the higher humidity and higher incident sunlight which result in elevated
O* levels, the concentration of HO• is higher in tropical regions. The southern
hemisphere probably has about a 20% higher level of HO• than does the northern
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hemisphere because of greater production of anthropogenic, HO•-consuming CO in
the northern hemisphere.

The hydroperoxyl radical, HOO•, is an intermediate in some important chemical
reactions. In addition to its production by the reactions discussed above, in polluted
atmospheres, hydroperoxyl radical is made by the following two reactions, starting
with photolytic dissociation of formaldehyde to produce a reactive formyl radical:

 
•

H  +  HCOν  →  HCHO  +  h     (9.8.25)
 

•
  HCO  +  → HOO    +  CO•O2

(9.8.25)

The hydroperoxyl radical reacts more slowly with other species than does the
hydroxyl radical. The kinetics and mechanisms of hydroperoxyl radical reactions are
difficult to study because it is hard to retain these radicals free of hydroxyl radicals.

Chemical and Biochemical Processes in Evolution of the Atmosphere

It is now widely believed that the earth’s atmosphere originally was very
different from its present state and that the changes were brought about by biological
activity and accompanying chemical changes. Approximately 3.5 billion years ago,
when the first primitive life molecules were formed, the atmosphere was probably
free of oxygen and consisted of a variety of gases such as carbon dioxide, water
vapor, and perhaps even methane, ammonia, and hydrogen. The atmosphere was
bombarded by intense, bond-breaking ultraviolet light which, along with lightning
and radiation from radionuclides, provided the energy to bring about chemical reac-
tions that resulted in the production of relatively complicated molecules, including
even amino acids and sugars. From the rich chemical mixture in the sea, life
molecules evolved. Initially, these very primitive life forms derived their energy
from fermentation of organic matter formed by chemical and photochemical
processes, but eventually they gained the capability to produce organic matter,
“{CH2O},” by photosynthesis:

CO2  +  H2O  +  hν  →  {CH2O}  +  O2(g) (9.8.27)

Photosynthesis released oxygen, thereby setting the stage for the massive biochem-
ical transformation that resulted in the production of almost all the atmosphere’s
oxygen.

The oxygen initially produced by photosynthesis was probably quite toxic to
primitive life forms. However, much of this oxygen was converted to iron oxides by
reaction with soluble iron(II):

4Fe2+  +  O2  +  4H2O  →  2Fe2O3  +  8H+ (9.8.28)

This resulted in the formation of enormous deposits of iron oxides, the existence of
which provides major evidence for the liberation of free oxygen in the primitive
atmosphere.

Eventually, enzyme systems developed that enabled organisms to mediate the
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reaction of waste-product oxygen with oxidizable organic matter in the sea. Later,
this mode of waste-product disposal was utilized by organisms to produce energy by
respiration, which is now the mechanism by which nonphotosynthetic organisms
obtain energy.

In time, O2 accumulated in the atmosphere, providing an abundant source of
oxygen for respiration. It had an additional benefit in that it enabled the formation of
an ozone shield (see Section 9.9). The ozone shield absorbs bond-rupturing
ultraviolet light. With the ozone shield protecting tissue from destruction by high-
energy ultraviolet radiation, the earth became a much more hospitable environment
for life, and life forms were enabled to move from the sea to land.

9.9. ACID-BASE REACTIONS IN THE ATMOSPHERE

Acid-base reactions occur between acidic and basic species in the atmosphere.
The atmosphere is normally at least slightly acidic because of the presence of a low
level of carbon dioxide, which dissolves in atmospheric water droplets and dissoci-
ates slightly:

water
CO2(g)      →    CO2(aq) (9.9.1)

CO2(aq)  +  H2O
   →   H+  +  HCO3

- (9.9.2)

Atmospheric sulfur dioxide forms a somewhat stronger acid when it dissolves in
water:

SO2(g)    +  H2O   →   H+  +  HSO3
-

(9.9.3) 

In terms of pollution, however, strongly acidic HNO3 and H2SO4 formed by the
atmospheric oxidation of N oxides, SO2, and H2S are much more important because
they lead to the formation of damaging acid rain (see Chapter 14).

As reflected by the generally acidic pH of rainwater, basic species are relatively
less common in the atmosphere. Particulate calcium oxide, hydroxide, and carbonate
can get into the atmosphere from ash and ground rock, and can react with acids such
as in the following reaction:

Ca(OH)2(s)    +  H2SO4(aq)   →   CaSO4(s)    +  2H2O (9.9.4) 

The most important basic species in the atmosphere is gas-phase ammonia, NH3.
The major source of atmospheric ammonia is from biodegradation of nitrogen-
containing biological matter and from bacterial reduction of nitrate:

NO3
-(aq) + 2{CH2O}(biomass) + H+  →  NH3(g) + 2CO2 + H2O (9.9.5) 

Ammonia is particularly important as a base in the air because it is the only water-
soluble base present at significant levels in the atmosphere. Dissolved in atmospheric
water droplets, it plays a strong role in neutralizing atmospheric acids:
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NH3(aq)  +  HNO3(aq)   →  NH4NO3(aq) (9.9.6) 

NH3(aq)  +  H2SO4(aq)   →   NH4HSO4(aq) (9.9.7) 

These reactions have three effects:  (1) They result in the presence of NH4
+ ion in the

atmosphere as dissolved or solid salts, (2) they serve in part to neutralize acidic
consituents of the atmosphere, and (3) they produce relatively corrosive ammonium
salts.

9.10. REACTIONS OF ATMOSPHERIC OXYGEN

Some of the primary features of the exchange of oxygen among the atmosphere,
geosphere, hydrosphere, and biosphere are summarized in Figure 9.13. The oxygen
cycle is critically important in atmospheric chemistry, geochemical transformations,
and life processes.

Oxygen in the troposphere plays a strong role in processes that occur on the
earth’s surface. Atmospheric oxygen takes part in energy-producing reactions, such
as the burning of fossil fuels:

CH4(in natural gas)  +  2O2  →  CO2  + 2H2O (9.10.1)

Atmospheric oxygen is utilized by aerobic organisms in the degradation of organic
material. Some oxidative weathering processes consume oxygen, such as 

4FeO  +  O2  →  2Fe2O3 (9.10.2)
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Figure 9.11.  Oxygen exchange among the atmosphere, geosphere, hydrosphere, and biosphere.
Oxygen is returned to the atmosphere through plant photosynthesis:

CO2  +  H2O  +  hν  →  {CH2O}  +  O2 (9.10.3)

All molecular oxygen now in the atmosphere is thought to have originated
through the action of photosynthetic organisms, which shows the importance of
photosynthesis in the oxygen balance of the atmosphere. It can be shown that most
of the carbon fixed by these photosynthetic processes is dispersed in mineral
formations as humic material (Section 3.17); only a very small fraction is deposited
in fossil  fuel beds. Therefore, although combustion of fossil fuels consumes large
amounts of O2, there is no danger of running out of atmospheric oxygen.

Molecular oxygen is somewhat unusual in that its ground state is a triplet state
with two unpaired electrons, designated here as 3O2, which can be excited to singlet
molecular oxygen, designated here as 1O2. The latter can be produced by several
processes, including direct photochemical excitation, transfer of energy from other
electronically excited molecules, ozone photolysis, and high-energy oxygen-produc-
ing reactions.

Because of the extremely rarefied atmosphere and the effects of ionizing radia-
tion, elemental oxygen in the upper atmosphere exists to a large extent in forms
other than diatomic O2. In addition to O2, the upper atmosphere contains oxygen
atoms, O; excited oxygen molecules, O2*; and ozone, O3.

Atomic oxygen, O, is stable primarily in the thermosphere, where the
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atmosphere is so rarefied that the three-body collisions necessary for the chemical
reaction of atomic oxygen seldom occur (the third body in this kind of three-body
reaction absorbs energy to stabilize the products). Atomic oxygen is produced by a
photochemical reaction:

O2  +  hν  →  O  +  O (9.10.4)

The oxygen-oxygen bond is strong (120 kcal/mole) and ultraviolet radiation in the
wavelength regions 135-176 nm and 240-260 nm is most effective in causing dissoc-
iation of molecular oxygen. Because of photochemical dissociation, O2 is virtually
nonexistent at very high altitudes and less than 10% of the oxygen in the atmosphere
at altitudes exceeding approximately 400 km is present in the molecular form. At
altitudes exceeding about 80 km, the average molecular weight of air is lower than
the 28.97 g/mole observed at sea level because of the high concentration of atomic
oxygen. The resulting division of the atmosphere into a lower section with a uniform
molecular weight and a higher region with a nonuniform molecular weight is the
basis for classifying these two atmospheric regions as the homosphere and hetero-
sphere, respectively.  

Oxygen atoms in the atmosphere can exist in the ground state (O) and in excited
states (O*). These are produced by the photolysis of ozone, which has a relatively
weak bond energy of 26 kcal/mole at wavelengths below 308 nm, 

O3  +  hν(λ < 308 nm)    →  O*  +  O2 (9.10.5)

or by highly energetic chemical reactions such as 

O  +  O  +  O    →  O2  +  O* (9.10.6)

Excited atomic oxygen emits visible light at wavelengths of 636 nm, 630 nm, and
558 nm. This emitted light is partially responsible for  airglow, a very faint electro-
magnetic radiation continuously emitted by the earth’s atmosphere. Although its
visible component is extremely weak, airglow is quite intense in the infrared region
of the spectrum.

Oxygen ion, O+, which may be produced by ultraviolet radiation acting upon
oxygen atoms,

O  +  hν    →  O+  +  e- (9.10.7)

is the predominant positive ion in some regions of the ionosphere. It may react with
molecular oxygen or nitrogen,

O+  +  O2  →  O2
+  +  O (9.10.8)

O+  +  N2    →  NO+  +  N (9.10.9)

to form other positive ions.
In intermediate regions of the ionosphere, O2

+ is produced by absorption of
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ultraviolet radiation at wavelengths of 17-103 nm. This diatomic oxygen ion can also
be produced by the photochemical reaction of low-energy X-rays,

O2  +  hν     →  O2
+  +  e- (9.10.10)

and by the following reaction:

N2
+  +  O2     →  N2  +  O2

+ (9.10.11)

Ozone, O3, has an essential protective function because it absorbs harmful ultraviolet
radiation in the stratosphere and serves as a radiation shield, protecting living beings
on the earth from the effects of excessive amounts of such radiation. It is produced
by a photochemical reaction,

O2  +  hν     →  O  +  O (9.10.12)

(where the wavelength of the exciting radiation must be less than 242.4 nm),
followed by a three-body reaction,

O  +  O2  +  M     →  O3  +  M(increased energy) (9.10.13)

in which M is another species, such as a molecule of N2 or O2, which absorbs the
excess energy given off by the reaction and enables the ozone molecule to stay
together. The region of maximum ozone concentration is found within the range of
25-30 km high in the stratosphere where it may reach 10 ppm.

Ozone absorbs ultraviolet light very strongly in the region 220-330 nm. If this
light were not absorbed by ozone, severe damage would result to exposed forms of
life on the earth. Absorption of electromagnetic radiation by ozone converts the
radiation’s energy to heat and is responsible for the temperature maximum
encountered at the boundary between the stratosphere and the mesosphere at an
altitude of approximately 50 km. The reason that the temperature maximum occurs
at a higher altitude than that of the maximum ozone concentration arises from the
fact that ozone is such an effective absorber of ultraviolet light, that most of this
radiation is absorbed in the upper stratosphere where it generates heat, and only a
small fraction reaches the lower altitudes, which remain relatively cool.

The overall reaction,

2O3  →  3O2 (9.10.14)

is favored thermodynamically so that ozone is inherently unstable. Its decomposition
in the stratosphere is catalyzed by a number of natural and pollutant trace
constituents, including NO, NO2, H, HO•, HOO•, ClO, Cl, Br, and BrO. Ozone
decomposition also occurs on solid surfaces, such as metal oxides and salts produced
by rocket exhausts.

Although the mechanisms and rates for the photochemical production of ozone
in the stratosphere are reasonably well known, the natural pathways for ozone
removal are less well understood. In addition to undergoing decomposition by the
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action of ultraviolet radiation, stratospheric ozone reacts with atomic oxygen,
hydroxyl radical, and NO:

O3  +  hν  →  O2  +  O (9.10.15)

O3  +  O  →  O2  +  O2 (9.10.16)

O3  +  HO•  →  O2  +  HOO• (9.10.17)

The HO• radical is regenerated from HOO• by the reaction,

HOO•  +  O  →  HO•  +  O2 (9.10.18)

The NO consumed in this reaction is regenerated from NO2,

O3  +  NO  →  NO2  +  O2 (9.10.19)

NO2  +  O  →  NO  +  O2 (9.10.20)

and some NO is produced from N2O:

N2O  +  O  →  2NO (9.10.21)

Recall that N2O is a natural component of the atmosphere and is a major product of
the denitrification process by which fixed nitrogen is returned to the atmosphere in
gaseous form. This is shown in the nitrogen cycle, Figures 1.6 and 6.10.

Ozone is an undesirable pollutant in the troposphere. It is toxic to animals and
plants (see Chapter 23), and it also damages materials, particularly rubber.

9.11. REACTIONS OF ATMOSPHERIC NITROGEN

The 78% by volume of nitrogen contained in the atmosphere constitutes an
inexhaustible reservoir of that essential element. The nitrogen cycle and nitrogen
fixation by microorganisms were discussed in Chapter 6. A small amount of nitrogen
is fixed in the atmosphere by lightning, and some is also fixed by combustion
processes, particularly in internal combustion and turbine engines.

Before the use of synthetic fertilizers reached its current high levels, chemists
were concerned that denitrification processes in the soil would lead to nitrogen
depletion on the Earth. Now, with millions of tons of synthetically fixed nitrogen
being added to the soil each year, major concern has shifted to possible excess
accumulation of nitrogen in soil, fresh water, and the oceans.

Unlike oxygen, which is almost completely dissociated to the monatomic form
in higher regions of the thermosphere, molecular nitrogen is not readily dissociated
by ultraviolet radiation.  However, at altitudes exceeding approximately 100 km,
atomic nitrogen is produced by photochemical reactions:
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N2  +  hν  →  N  +  N (9.11.1)

Other reactions which may produce monatomic nitrogen are:

N2
+  +  O  →  NO+  +  N (9.11.2)

NO+  +  e-  →  N  +  O (9.11.3)

O+  +  N2  →  NO+  +  N (9.11.4)

As shown in Reactions 9.9.19 and 9.9.20, NO is involved in the removal of
stratospheric ozone and is regenerated by the reaction of NO2 with atomic O, itself a
precursor to the formation of ozone. An ion formed from NO, the NO+ ion, is one of
the predominant ionic species in the so-called E region of the ionosphere. A
plausible sequence of reactions by which NO+ is formed is the following:

N2  +  hν  →  N2
+  +  e- (9.11.5)

 N2
+  +  O  →  NO+  +  N (9.11.6)

In the lowest (D) region of the ionosphere, which extends from approximately 50 km
in altitude to approximately 85 km, NO+ is produced directly by ionizing radiation:

NO  +  hν    →  NO+  +  e- (9.11.7)

In the lower part of this region, the ionic species N2
+ is formed through the action of

galactic cosmic rays:

N2  +  hν    →  N2
+  +  e- (9.11.8)

Pollutant oxides of nitrogen, particularly NO2, are key species involved in air
pollution and the formation of photochemical smog. For example, NO2 is readily
dissociated photochemically to NO and reactive atomic oxygen:

NO2  +  hν    →  NO  +  O (9.11.9)

This reaction is the most important primary photochemical process involved in smog
formation. The roles played by nitrogen oxides in smog formation and other forms of
air pollution are discussed in Chapters 11–14.

9.12. ATMOSPHERIC CARBON DIOXIDE

Although only about 0.035% (350 ppm) of air consists of carbon dioxide, it is
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the atmospheric “nonpollutant” species of most concern. As mentioned in Section
9.3, carbon dioxide, along with water vapor, is primarily responsible for the
absorption of infrared energy re-emitted by the earth such that some of this energy is
reradiated back to the earth’s surface. Current evidence suggests that changes in the
atmospheric carbon dioxide level will substantially alter the earth’s climate through
the greenhouse effect.

Valid measurements of overall atmospheric CO2 can only be taken in areas
remote from industrial activity. Such areas include Antarctica and the top of Mauna
Loa Mountain in Hawaii. Measurements of carbon dioxide levels in these locations
over the last 30 years suggest an annual increase in CO2 of about 1 ppm per year.

The most obvious factor contributing to increased atmospheric carbon dioxide is
consumption of carbon-containing fossil fuels. In addition, release of CO2 from the
biodegradation of biomass and uptake by photosynthesis are important factors
determining overall CO2 levels in the atmosphere. The role of photosynthesis is
illustrated in Figure 9.12, which shows a seasonal cycle in carbon dioxide levels in
the northern hemisphere. Maximum values occur in April and minimum values in
late September or October. These oscillations are due to the “photosynthetic pulse,”
influenced most strongly by forests in middle latitudes. Forests have a much greater
influence than other vegetation because trees carry out more photosynthesis. Fur-
thermore, forests store enough fixed but readily oxidizable  carbon in the form of
wood and humus to have a marked influence on atmospheric CO2 content. Thus,
during the summer months, forest trees carry out enough photosynthesis to reduce
the atmospheric carbon dioxide content markedly. During the winter, metabolism of
biota, such as bacterial decay of humus, releases a significant amount of CO2.
Therefore, the current worldwide destruction of forests and conversion of forest
lands to agricultural uses contributes substantially to a greater overall increase in
atmospheric CO2 levels.
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Figure 9.12.  Increases in atmospheric CO2 levels in recent years. The inset illustrates seasonal
variations in the northern hemisphere.

With current trends, it is likely that global CO2 levels will double by the middle
of the next century, which may well raise the earth’s mean surface temperature by
1.5–4.5˚C. Such a change might have more potential to cause massive irreversible
environmental changes than any other disaster short of global nuclear war or asteroid
impact  .

Chemically and photochemically, carbon dioxide is a comparatively insignificant
species because of its relatively low concentrations and low photochemical reac-
tivity. The one significant photochemical reaction that carbon dioxide undergoes,
and a major source of CO at higher altitudes, is the photodissociation of CO2 by
energetic solar ultraviolet radiation in the stratosphere:

CO2  +  hν    →  CO  +  O (9.12.1)

9.13. ATMOSPHERIC WATER

The water vapor content of the troposphere is normally within a range of 1–3%
by volume with a global average of about 1%. However, air can contain as little as
0.1% or as much as 5% water. The percentage of water in the atmosphere decreases
rapidly with increasing altitude. Water circulates through the atmosphere in the
hydrologic cycle as shown in Figure 3.1.
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Water vapor absorbs infrared radiation even more strongly than does carbon
dioxide, thus greatly influencing the earth’s heat balance. Clouds formed from water
vapor reflect light from the sun and have a temperature-lowering effect. On the other
hand, water vapor in the atmosphere acts as a kind of “blanket” at night, retaining
heat from the earth’s surface by absorption of infrared radiation.

As discussed in Section 9.5, water vapor and the heat released and absorbed by
transitions of water between the vapor state and liquid or solid are strongly involved
in atmospheric energy transfer. Condensed water vapor in the form of very small
droplets is of considerable concern in atmospheric chemistry. The harmful effects of
some air pollutants—for instance, the corrosion of metals by acid-forming gases—
requires the presence of water which may come from the atmosphere. Atmospheric
water vapor has an important influence upon pollution-induced fog formation under
some circumstances. Water vapor interacting with pollutant particulate matter in the
atmosphere may reduce visibility to undesirable levels through the formation of very
small atmospheric aerosol particles.

As noted in Section 9.2, the cold tropopause serves as a barrier to the movement
of water into the stratosphere. Thus, little water is transferred from the troposphere
to the stratosphere, and the main source of water in the stratosphere is the photo-
chemical oxidation of methane:

CH4  +  2O2  +  hν   (several steps)   CO2   +  2H2O (9.13.1)

The water thus produced serves as a source of stratospheric hydroxyl radical as
shown by the following reaction:

H2O +  hν    →  HO•  +  H (9.13.2)  
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QUESTIONS AND PROBLEMS

1. What phenomenon is responsible for the temperature maximum at the boundary of
the stratosphere and the mesosphere?

2. What function does a third body serve in an atmospheric chemical reaction?
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3. Why does the lower boundary of the ionosphere lift at night?

4. Considering the total number of electrons in NO2, why might it be expected that
the reaction of a free radical with NO2 is a chain-terminating reaction?

5. The average atmospheric pressure at sea level is 1.012 × 106 dynes/m2. The
value of g (acceleration of gravity) at sea level is 980 cm/sec2. What is the mass
in kg of the column of air having a cross-sectional area of 1.00 cm2 at the earth’s
surface and extending to the limits of the atmosphere? (Recall that the dyne is a
unit of force, and force = mass x acceleration of gravity.)

6. Suppose that 22.4 liters of air at STP is used to burn 1.50 g of carbon to form
CO2, and that the gaseous product is adjusted to STP. What is the volume and
the average molar mass of the resulting mixture?

7. If the pressure is 0.01 atm at an altitude of 38 km and 0.001 at 57 km, what is it
at 19 km (ignoring temperature variations)?

8. Measured in  µm, what are the lower wavelength limits of solar radiation
reaching the earth; the wavelength at which maximum solar radiation reaches the
earth; and the wavelength at which maximum energy is radiated back into
space?

9. Of the species O, HO*•, NO2*, H3C•, and N+, which could most readily revert to
a nonreactive, “normal” species in total isolation?

10. Of the gases neon, sulfur dioxide, helium, oxygen, and nitrogen, which shows
the most variation in its atmospheric concentration?

11. A 12.0-liter sample of air at 25˚C and 1.00 atm pressure was collected and dried.
After drying, the volume of the sample was exactly 11.50 L. What was the per-
centage by weight of water in the original air sample?

12. The sunlight incident upon a 1 square meter area perpendicular to the line of
transmission of the solar flux just above the Earth’s atmosphere provides energy
at a rate most closely equivalent to:  (a) that required to power a pocket
calculator, (b) that required to provide a moderate level of lighting for a 40-
person capacity classroom illuminated with fluorescent lights, (c) that required
to propel a 2500 pound automobile at 55 mph, (d) that required to power a 100-
watt incandescent light bulb, (e) that required to heat a 40-person classroom to
70˚F when the outside temperature is -10˚F.

13. At an altitude of 50 km, the average atmospheric temperature is essentially 0˚C.
What is the average number of air molecules per cubic centimeter of air at this
altitude?

14. What is the distinction between chemiluminescence and luminescence caused
when light is absorbed by a molecule or atom?

15. State two factors that make the stratosphere particularly important in terms of
acting as a region where atmospheric trace contaminants are converted to other,
chemically less reactive, forms.
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16. What two chemical species are most generally responsible for the removal of
hydroxyl radical from the unpolluted troposphere.

17. What is the distinction between the symbols * and • in discussing chemically
active species in the atmosphere?
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