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PREFACE TO THE FIRST EDITION

The study of atmospheric chemistry as a scientific discipline goes back to the eighteenth
century, when the principal issue was identifying the major chemical components of the
atmosphere, nitrogen, oxygen, water, carbon dioxide, and the noble gases. In the late
nineteenth and early twentieth centuries attention turned to the so-called trace gases,
species present at less than 1 part per million parts of air by volume (1 umol per mole). We
now know that the atmostphere contains a myriad of trace species, some at levels as low as
1 part per trillion parts of air. The role of trace species is disproportionate to their
atmospheric abundance; they are responsible for phenomena ranging from urban
photochemical smog, to acid deposition, to stratospheric ozone depletion, to potential
climate change. Moreover, the composition of the atmosphere is changing; analysis of air
trapped in ice cores reveals a record of striking increases in the long-lived so-called
greenhouse gases, carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O). Within
the last century, concentrations of tropospheric ozone (Oj3), sulfate (SO‘%‘), and
carbonaceous aerosols in the Northern Hemisphere have increased significantly. There
is evidence that all these changes are altering the basic chemistry of the atmosphere.

Atmospheric chemistry occurs within a fabric of profoundly complicated atmospheric
dynamics. The results of this coupling of dynamics and chemistry are often unexpected.
Witness the unique combination of dynamical forces that lead to a wintertime polar vortex
over Antarctica, with the concomitant formation of polar stratospheric clouds that serve as
sites for heterogeneous chemical reactions involving chlorine compounds resulting from
anthropogenic chlorofluorocarbons—all leading to the near total depletion of strato-
spheric ozone over the South Pole each spring; witness the nonlinear, and counterintuitive,
dependence of the amount of ozone generated by reactions involving hydrocarbons and
oxides of nitrogen (NO,) at the urban and regional scale—although both hydrocarbons
and NO, are ozone precursors, situations exist where continuous emission of more and
more NO, actually leads to less ozone.

The chemical constituents of the atmosphere do not go through their life cycles
independently; the cycles of the various species are linked together in a complex way.
Thus a perturbation of one component can lead to significant, and nonlinear, changes to
other components and to feedbacks that can amplify or damp the original perturbation.

In many respects, at once both the most important and the most paradoxical trace gas in
the atmosphere is ozone (O3). High in the stratosphere, ozone screens living organisms
from biologically harmful solar ultraviolet radiation; ozone at the surface, in the
troposphere, can produce adverse effects on human health and plants when present at
levels elevated above natural. At the urban and regional scale, significant policy issues
concern how to decrease ozone levels by controlling the ozone precursors—hydrocarbons
and oxides of nitrogen. At the global scale, understanding both the natural ozone
chemistry of the troposphere and the causes of continually increasing background
troposheric ozone levels is a major goal.

ix



X PREFACE TO THE FIRST EDITION

Aerosols are particles suspended in the atmosphere. They arise directly from emissions
of particles and from the conversion of certain gases to particles in the atmosphere. At
elevated levels they inhibit visibility and are a human health hazard. There is a growing
body of epidemiological data suggesting that increasing levels of aerosols may cause a
significant increase in human mortality. For many years it was thought that atmospheric
aerosols did not interact in any appreciable way with the cycles of trace gases. We now
know that particles in the air affect climate and interact chemically in heretofore
unrecognized ways with atmospheric gases. Volcanic aerosols in the stratosphere, for
example, participate in the catalytic destruction of ozone by chlorine compounds, not
directly, but through the intermediary of NO, chemistry. Aerosols reflect solar radiation
back to space and, in so doing, cool the Earth. Aerosols are also the nuclei around which
clouds droplets form—no aerosols, no clouds. Clouds are one of the most important
elements or our climate system, so the effect of increasing global aerosol levels on the
Earth’s cloudiness is a key problem in climate.

Historically the study of urban air pollution and its effects occurred more or less
separately from that of the chemistry of the Earth’s atmosphere as a whole. Similarly, in its
early stages, climate research focused exclusively on CO,, without reference to effects on
the underlying chemistry of the atmosphere and their feedbacks on climate itself. It is now
recognized, in quantitative scientific terms, that the Earth’s atmosphere is a continuum of
spatial scales in which the urban atmosphere, the remote troposphere, the marine boundary
layer, and the stratosphere are merely points from the smallest turbulent eddies and the
fastest timescales of free-redical chemistry to global circulations and the decadal
timescales of the longest-lived trace gases.

The object of this book is to provide a rigorous, comprehensive treatment of the
chemistry of the atmosphere, including the formation, growth, dynamics, and propeties of
aerosols; the meteorology of air pollution; the transport, diffusion, and removal of species
in the atmosphere; the formation and chemistry of clouds; the interaction of atmospheric
chemistry and climate; the radiative and climatic effects of gases and particles; and the
formulation of mathematical chemical/transport models of the atmosphere. Each of these
elements is covered in detail in the present volume. In each area the central results are
developed from first principles. In this way, the reader will gain a significant understanding
of the science underlying the description of atmospheric processes and will be able to
extend theories and results beyond those for which we have space here.

The book assumes that the reader has had introductory courses in thermodynamics,
transport phenomena (fluid mechanics and/or heat and mass transfer), and engineering
mathematics (differential equations). Thus the treatment is aimed at the senior or first-year
graduate level in typical engineering curricula as well as in meterology and atmospheric
science programs.

The book is intended to serve as a textbook for a course in atmospheric science that
might vary in length from one quarter or semester to a full academic year. Aside from its
use as a course textbook, the book will serve as a comprehensive reference book for
professionals as well as for those from traditional engineering and scienc disciplines. Two
types of appendixes are given: those of a general nature appear at the end of the book and
are designated by letters; those of a nature specific to a certain chapter appear with that
chapter and are numbered according to the associated chapter.

Numerous problems are provided to enable the reader to evaluate his or her
understanding of the material. In many cases the problems have been chosen to extend the
results given in the chapter to new situations. The problems are coded with a “degree of



PREFACE TO THE FIRST EDITION xi

difficulty” for the benefit of the student and the instructor. The subscript designation “A”
(e.g., 1.1, in the Problems section of Chapter 1) indicates a problem that involves a
straightforward application of material in the text. Those problems denoted “B” require
some extension of the ideas in the text. Problems designated “C” encourage the reader to
apply concepts from the book to current problems in atmospheric science and go
somewhat beyond the level of ““B” problems. Finally, those problems denoted “D”* are of
a degree of difficulty corresponding to “C” but generally require development of a
computer program for their solution.

Joun H. SEINFELD

Spyros N. Panpis



PREFACE TO THE SECOND EDITION

Two considerations motivated us to undertake the Second Edition of this book. First, a
number of important developments have occurred in atmospheric science since 1998, the
year of the First Edition, and we wanted to update the treatments in several areas of the
book to reflect these advances in understanding of atmospheric processes. New chapters
have been added on chemical kinetics, atmospheric radiation and photochemistry, global
circulation of the atmosphere, and global biogeochemical cycles. The chapters on
stratospheric and tropospheric chemistry and organic atmospheric aerosols have been
revised to reflect the current state of understanding in this area. The second consideration
relates to the style of the book. Our goal in the First Edition was, and continues to be, in the
Second Edition, both rigor and thoroughness. The First Edition has been widely used as a
course textbook and reference text worldwide; feedback we have received from instructors
and students is that additional examples would aid in illustrating the basic theory. The
Second Edition contains numerous examples, delineated by vertical bars offsetting the
material. In order to prevent an already lengthy book from becoming unwieldy with the
new additions, some advanced material from the First Edition, generally of interest to
specialists, has been omitted. Problems at the end of the chapters have been thoroughly
reconsidered and updated. While many of the problems from the First Edition have been
retained, in a number of chapters substantially new problems have been added. These
problems have been used in courses at Caltech (California Institute of Technology),
Carnegie Mellon, and the University of Patras.

Many colleagues have provided important material, as well as proofreading sugges-
tions. Special appreciation is extended to Wei-Ting Chen, Cliff Davidson, Theodore
Dibble, Mark Lawrence, Sally Ng, Tracey Rissman, Ross Salawitch, Charles Stanier, Jason
Surratt, Satoshi Takahama, Varuntida Varutbangkul, Paul Wennberg, and Yang Zhang.
Finally, Ann Hilgenfeldt and Yvette Grant skillfully prepared the manuscript for the Second
Edition.

Joun H. SEINFELD

Spyros N. Panpis
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1 The Atmosphere

1.1 HISTORY AND EVOLUTION OF THE EARTH’S ATMOSPHERE

It is generally believed that the solar system condensed out of an interstellar cloud of gas
and dust, referred to as the “primordial solar nebula,” about 4.6 billion years ago. The
atmospheres of the Earth and the other terrestrial planets, Venus and Mars, are thought to
have formed as a result of the release of trapped volatile compounds from the planet itself.
The early atmosphere of the Earth is believed to have been a mixture of carbon dioxide
(COy,), nitrogen (N;), and water vapor (H,O), with trace amounts of hydrogen (H,), a
mixture similar to that emitted by present-day volcanoes.

The composition of the present atmosphere bears little resemblance to the com-
position of the early atmosphere. Most of the water vapor that outgassed from the Earth’s
interior condensed out of the atmosphere to form the oceans. The predominance of the
CO, that outgassed formed sedimentary carbonate rocks after dissolution in the ocean. It
is estimated that for each molecule of CO, presently in the atmosphere, there are about 10°
CO; molecules incorporated as carbonates in sedimentary rocks. Since Nj is chemically
inert, non-water-soluble, and noncondensable, most of the outgassed N, accumulated in
the atmosphere over geologic time to become the atmosphere’s most abundant constituent.

The early atmosphere of the Earth was a mildly reducing chemical mixture, whereas the
present atmosphere is strongly oxidizing. Geochemical evidence points to the fact that
atmospheric oxygen underwent a dramatic increase in concentration about 2300 million
years ago (Kasting 2001). While the timing of the initial O, rise is now well established,
what triggered the increase is still in question. There is agreement that O, was initially
produced by cyanobacteria, the only prokaryotic organisms {Bacteria and Archea) capable
of oxygenic photosynthesis. These bacteria had emerged by 2700 million years ago. The
gap of 400 million years between the emergence of cyanobacteria and the rise of
atmospheric O, is still an issue of debate. The atmosphere from 3000 to 2300 million years
ago was rich in reduced gases such as H; and CH,. Hydrogen can escape to space from
such an atmosphere. Since the majority of the Earth’s hydrogen was in the form of water,
H; escape would lead to a net accumulation of O,. One possibility is that the O, left behind
by the escaping H, was largely consumed by oxidation of continental crust. This oxidation
might have sequestered enough O, to suppress atmospheric levels before 2300 million
years ago, the point at which the flux of reduced gases fell below the net photosynthetic
production rate of oxygen. The present level of O, is maintained by a balance between
production from photosynthesis and removal through respiration and decay of organic
carbon. If O, were not replenished by photosynthesis, the reservoir of surface organic
carbon would be completely oxidized in about 20 years, at which time the amount of O, in
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the atmosphere would have decreased by less than 1% (Walker 1977). In the absence of
surface organic carbon to be oxidized, weathering of sedimentary rocks would consume
the remaining O, in the atmosphere, but it would take approximately 4 million years to
do so.

The Earth’s atmosphere is composed primarily of the gases N, (78%), O, (21%), and
Ar (1%), whose abundances are controlled over geologic timescales by the biosphere,
uptake and release from crustal material, and degassing of the interior. Water vapor is the
next most abundant constituent; it is found mainly in the lower atmosphere and its
concentration is highly variable, reaching concentrations as high as 3%. Evaporation and
precipitation control its abundance. The remaining gaseous constituents, the trace gases,
represent less than 1% of the atmosphere. These trace gases play a crucial role in the
Earth’s radiative balance and in the chemical properties of the atmosphere. The trace gas
abundances have changed rapidly and remarkably over the last two centuries.

The study of atmospheric chemistry can be traced back to the eighteenth century when
chemists such as Joseph Priestley, Antoine-Laurent Lavoisier, and Henry Cavendish
attempted to determine the chemical components of the atmosphere. Largely through their
efforts, as well as those of a number of nineteenth-century chemists and physicists, the
identity and major components of the atmosphere, N,, O,, water vapor, CO,, and the rare
gases, were established. In the late nineteenth—early twentieth century focus shifted from
the major atmospheric constituents to trace constituents, that is, those having mole
fractions below 107%, 1 part per million (ppm) by volume. It has become clear that the
atmosphere contains a myriad of trace species. The presence of these species can be traced
to geologic, biological, chemical, and anthropogenic processes.

Spectacular innovations in instrumentation since 1975 or so have enabled identification
of atmospheric trace species down to levels of about 10~'2 parts per part of air, 1 part per
trillion (ppt) by volume. Observations have shown that the composition of the atmosphere
is changing on the global scale. Present-day measurements coupled with analyses of
ancient air trapped in bubbles in ice cores provide a record of dramatic, global increases in
the concentrations of gases such as CO,, methane (CH,), nitrous oxide (N,0), and various
halogen-containing compounds. These “greenhouse gases” act as atmospheric thermal
insulators. They absorb infrared radiation from the Earth’s surface and reradiate a portion
of this radiation back to the surface. These gases include CO,, Oz, CH4, N,O, and halogen-
containing compounds. The emergence of the Antarctic ozone hole provides striking
evidence of the ability of emissions of trace species to perturb large-scale atmospheric
chemistry. Observations have documented the essentially complete disappearance of
ozone in the Antarctic stratosphere during the austral spring, a phenomenon that has been
termed the ‘““Antarctic ozone hole.” Observations have also documented less dramatic
decreases over the Arctic and over the northern and southern midlatitudes. Whereas
stratospheric ozone levels have been eroding, those at ground level in the Northern
Hemisphere have, over the past century, been increasing. Paradoxically, whereas ozone in
the stratosphere protects living organisms from harmful solar ultraviolet radiation, ozone
in the lower atmosphere can have adverse effects on human health and plants.

Quantities of airborne particles in industrialized regions of the Northern Hemisphere
have increased markedly since the Industrial Revolution. Atmospheric particles (aerosols)
arise both from direct emissions and from gas-to-particle conversion of vapor precursors.
Acrosols can affect climate and stratospheric ozone concentrations and have been
implicated in human morbidity and mortality in urban areas. The climatic role of
atmospheric aerosols arises from their ability to reflect solar radiation back to space and
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from their role as cloud condensation nuclei. Estimates of the cooling effect resulting from
the reflection of solar radiation back to space by aerosols indicate that the cooling effect
may be sufficiently large to mask the warming effect of greenhouse gas increases over
industrialized regions of the Northern Hemisphere.

The atmosphere is the recipient of many of the products of our technological society.
These effluents include products of combustion of fossil fuels and the development of new
synthetic chemicals. Historically these emissions can lead to unforeseen consequences in
the atmosphere. Classical examples include the realization in the 1950s that motor vehicle
emissions could lead to urban smog and the realization in the 1970s that emissions of
chlorofluorocarbons from aerosol spray cans and refrigerators could cause the depletion of
stratospheric ozone.

The chemical fates of trace atmospheric species are often intertwined. The life
cycles of the trace species are inextricably coupled through the complex array of
chemical and physical processes in the atmosphere. As a result of these couplings, a
perturbation in the concentration of one species can lead to significant changes in the
concentrations and lifetimes of other trace species and to feedbacks that can either
amplify or damp the original perturbation. An example of this coupling is provided by
methane. Methane is the predominant organic molecule in the troposphere and an
important greenhouse gas. Methane sources such as rice paddies and cattle can be
estimated and are increasing. Methane is removed from the atmosphere by reaction with
the hydroxyl (OH) radical, at a rate that depends on the atmospheric concentration of
OH. But the OH concentration depends on the amount of carbon monoxide (CO), which
itself is a product of CH, oxidation as well as a result of fossil fuel combustion and
biomass burning. The hydroxyl concentration also depends on the concentration of
ozone and oxides of nitrogen. Change in CH, can affect the total amount of ozone in the
troposphere, so methane itself affects the concentration of the species, OH, that governs
its removal.

Depending on their atmospheric lifetime, trace species can exhibit an enormous range
of spatial and temporal variability. Relatively long-lived species have a spatial uniformity
such that a handful of strategically located sampling sites around the globe are adequate to
characterize their spatial distribution and temporal trend. As species lifetimes become
shorter, their spatial and temporal distributions become more variable. Urban areas, for
example, can require tens of monitoring stations over an area of hundreds of square
kilometers in order to characterize the spatial and temporal distribution of their
atmospheric components.

The extraordinary pace of the recent increases in atmospheric trace gases can be seen
when current levels are compared with those of the distant past. Such comparisons can be
made for CO, and CH,, whose histories can be reconstructed from their concentrations in
bubbles of air trapped in ice in such perpetually cold places as Antarctica and Greenland.
With gases that are long-lived in the atmosphere and therefore distributed rather uniformly
over the globe, such as CO, and CHy4, polar ice core samples reveal global average
concentrations of previous eras. Analyses of bubbles in ice cores show that CO, and CH,
concentrations remained essentially unchanged from the end of the last ice age some
10,000 years ago until roughly 300 years ago, at mixing ratios close to 260 ppm by volume
and 0.7 ppm by volume, respectively. (See Section 1.6 for discussion of units.) About 300
years ago methane levels began to climb, and about 100 years ago levels of both gases
began to increase markedly. In summary, activities of humans account for most of the
rapid changes in the trace gases over the past 200 years—combustion of fossil fuels (coal
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and oil) for energy and transportation, industrial and agricultural activities, biomass
burning (the burning of vegetation), and deforestation.

1.2 CLIMATE

Viewed from space, the Earth is a multicolored marble: clouds and snow-covered regions
of white, blue oceans, and brown continents. The white areas make Earth a bright planet;
about 30% of the Sun’s radiation is reflected immediately back to space. Solar energy that
does not reflect off clouds and snow is absorbed by the atmosphere and the Earth’s surface.
As the surface warms, it sends infrared radiation back to space. The atmosphere, however,
absorbs much of the energy radiated by the surface and reemits its own energy, but at much
lower temperatures. Aside from gases in the atmosphere, clouds play a major climatic role.
Some clouds cool the planet by reflecting solar radiation back to space; others warm the
Earth by trapping energy near the surface. On balance, clouds exert a significant cooling
effect on Earth, although in some areas, such as the tropics, heavy clouds can markedly
warm the regional climate.

The temperature of the Earth adjusts so that solar energy reaching the Earth is balanced
by that leaving the planet. Whereas the radiation budget must balance for the entire Earth,
it does not balance at each particular point on the globe. Very little solar energy reaches the
white, ice-covered polar regions, especially during the winter months. The Earth absorbs
most solar radiation near its equator. Over time, though, energy absorbed near the equator
spreads to the colder regions of the globe, carried by winds in the atmosphere and by
currents in the oceans. This global heat engine, in its attempt to equalize temperatures,
generates the climate with which we are all familiar. It pumps energy into storm fronts and
powers hurricanes. In the colder seasons, low-pressure and high-pressure cells push each
other back and forth every few days. Energy is also transported over the globe by masses of
wet and dry air. Through evaporation, air over the warm oceans absorbs water vapor and
then travels to colder regions and continental interiors where water vapor condenses as
rain or snow, a process that releases heat into the atmosphere. In the oceans, salt helps
drive the heat engine. Over some areas, like the arid Mediterranean, water evaporates from
the sea faster than rain or river flows can replace it. As seawater becomes increasingly
salty, it grows denser. In the North Atlantic, cool air temperatures and excess salt cause the
surface water to sink, creating a current of heavy water that spreads throughout the world’s
oceans. By redistributing energy in this way, the oceans act to smooth out differences in
temperature and salinity. Whereas the atmosphere can respond in a few days to a warming
or cooling in the ocean, it takes the sea surface months or longer to adjust to changes in
energy coming from the atmosphere.

The condition of the atmosphere at a particular location and time is its weather; this
includes winds, clouds, precipitation, temperature, and relative humidity. In contrast to
weather, the climate of a region is the condition of the atmosphere over many years, as
described by long-term averages of the same propetties that determine weather.

Solar radiation, clouds, ocean currents, and the atmospheric circulation weave together
in a complex and chaotic way to produce our climate. Until recently, climate was assumed
to change on a timescale much much longer than our lifetimes and those of our children.
Evidence is indisputable, however, that the release of trace gases to the atmosphere, the
“greenhouse gases,” has the potential to lead to an increase of the Earth’s temperature by
several degrees Celsius. The Earth’s average temperature rose about 0.6°C over the past
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century. It has been estimated that a doubling of CO, from its pre—Industrial Revolution
mixing ratio of 280 ppm by volume could lead to a rise in average global temperature of
1.5-4.5°C. A 2°C warming would produce the warmest climate seen on Earth in 6000
years. A 4.5°C rise would place the world in a temperature regime last experienced in the
Mesozoic Era—the age of dinosaurs.

Although an average global warming of a few degrees does not sound like much, it
could create dramatic changes in climatic extremes. Observations and global climate
model simulations show, for example, that present-day heat waves over Europe and North
America coincide with a specific atmospheric circulation pattern that is intensified by
ongoing increases in greenhouse gases, indicating that heat waves in these regions will
become more intense, more frequent, and longer-lasting (Meehl and Tebaldi 2004).
Changes in the timing and amount of precipitation would almost certainly occur with a
warmer climate. Soil moisture, critical during planting and early growth periods, will
change. Some regions would probably become more productive, others less so. Of all the
effects of a global warming, perhaps none has captured more attention than the prospect of
rising sea levels [see TPCC (2001), Chapter 11]. This would result from the melting of
land-based glaciers and volume expansion of ocean water as it warms. IPCC (2001)
estimated the range of global average sea-level rise by 2100 to be 0.11-0.77 m. In the most
dramatic scenario, the west Antarctic ice sheet, which rests on land that is below sea level,
could slide into the sea if the buttress of floating ice separating it from the ocean were to
melt. This would raise the average sea level by 5-6m (Bentley 1997). Even a 0.3-m
rise would have major effects on the erosion of coastlines, saltwater intrusion into the
water supply of coastal areas, flooding of marshes, and inland extent of surges from large
storms.

To systematically approach the complex subject of climate, the scientific community
has divided the problem into two major parts; climate forcings and climate responses.
Climate forcings are changes in the energy balance of the Earth that are imposed on it;
forcings are measured in units of heat flux—watts per square meter (W m 2). An example
of a forcing is a change in energy output from the Sun. Responses are the results of these
forcings, reflected in temperatures, rainfall, extremes of weather, sea-level height, and
so on.

Much of the variation in the predicted magnitude of potential climate effects resulting
from the increase in greenhouse gas levels hinges on estimates of the size and direction of
various feedbacks that may occur in response to an initial perturbation of the climate.
Negative feedbacks have an effect that damps the warming trend; positive feedbacks
reinforce the initial warming. One example of a greenhouse warming feedback mechanism
involves water vapor. As air warms, each cubic meter of air can hold more water vapor.
Since water vapor is a greenhouse gas, this increased concentration of water vapor further
enhances greenhouse warming. In turn, the warmer air can hold more water, and so on.
This is an example of a positive feedback, providing a physical mechanism for multiplying
the original impetus for change beyond its initial amount.

Some mechanisms provide a negative feedback, which decreases the initial impetus.
For example, increasing the amount of water vapor in the air may lead to forming more
clouds. Low-level, white clouds reflect sunlight, thereby preventing sunlight from
reaching the Earth and warming the surface. Increasing the geographic coverage of low-
level clouds would reduce greenhouse warming, whereas increasing the amount of high,
convective clouds could enhance greenhouse warming. This is because high, convective
clouds absorb energy from below at higher temperatures than they radiate energy into
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space from their tops, thereby effectively trapping energy. It is not known with certainty
whether increased temperatures would lead to more low-level clouds or more high,
convective clouds.

1.3 THE LAYERS OF THE ATMOSPHERE

In the most general terms, the atmosphere is divided into lower and upper regions. The
lower atmosphere is generally considered to extend to the top of the stratosphere, an
altitude of about 50 kilometers (km). Study of the lower atmosphere is known as
meteorology; study of the upper atmosphere is called aeronomy.

The Earth’s atmosphere is characterized by variations of temperature and pressure
with height. In fact, the variation of the average temperature profile with altitude is the
basis for distinguishing the layers of the atmosphere. The regions of the atmosphere are
(Figure 1.1}

Troposphere. The lowest layer of the atmosphere, extending from the Earth’s surface
up to the tropopause, which is at 10-15km altitude depending on latitude and
time of year; characterized by decreasing temperature with height; rapid vertical
mixing.

Stratosphere. Extends from the tropopause to the stratopause (From ~45 to 55km
altitude); temperature increases with altitude, leading to a layer in which vertical
mixing is slow.

Mesosphere. Extends from the stratopause to the mesopause (From ~ 80 to 90km
altitude); temperature decreases with altitude to the mesopause, which is the coldest
point in the atmosphere; rapid vertical mixing.

Thermosphere. The region above the mesopause; characterized by high temperatures
as a result of absorption of short-wavelength radiation by N, and O,; rapid vertical
mixing. The ionosphere is a region of the upper mesosphere and lower thermo-
sphere where ions are produced by photoionization.

Exosphere. The outermost region of the atmosphere (>500km altitude) where gas
molecules with sufficient energy can escape from the Earth’s gravitational attraction.

Over the equator the average height of the tropopause is about 18 km; over the poles,
about 8km. By convention of the World Meteorological Organization (WMQ), the
tropopause is defined as the lowest level at which the rate of decrease of temperature with
height (the temperature lapse rate) decreases to 2K km™' or less and the lapse rate
averaged between this level and any level within the next 2 km does not exceed 2 K km™
(Holton et al. 1995). The tropopause is at a maximum height over the tropics, sloping
downward moving toward the poles. The name coined by British meteorologist, Sir Napier
Shaw, from the Greek word tropos, meaning turning, the troposphere is a region of
ceaseless turbulence and mixing. The caldron of all weather, the troposphere contains
almost all of the atmosphere’s water vapor. Although the troposphere accounts for only a
small fraction of the atmosphere’s total height, it contains about 80% of its total mass. In
the troposphere, the temperature decreases almost linearly with height. For dry air the
lapse rate is 9.7 K km™". The reason for this progressive decline is the increasing distance
from the Sun-warmed Earth. At the tropopause, the temperature has fallen to an average of
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FIGURE 1.1 Layers of the atmosphere.

about 217 K (—56°C). The troposphere can be divided into the planetary boundary layer,
extending from the Earth’s surface up to about 1km, and the free troposphere, extending
from about 1 km to the tropopause.

As air moves vertically, its temperature changes in response to the local pressure. For
dry air, this rate of change is substantial, about 1°C per 100 m (the theory behind this will
be developed in Chapter 16). An air parcel that is transported from the surface to 1 km can
decrease in temperature from 5 to 10°C depending on its water content. Because of the
strong dependence of the saturation vapor pressure on temperature, this decrease of
temperature of a rising air parcel can be accompanied by a substantial increase in relative
humidity (RH) in the parcel. As a result, upward air motions of a few hundreds of meters
can cause the air to reach saturation (RH = 100%) and even supersaturation. The result is
the formation of clouds.

Vertical motions in the atmosphere result from (1) convection from solar heating of the
Earth’s surface, (2) convergence or divergence of horizontal flows, (3) horizontal flow over
topographic features at the Earth’s surface, and (4) buoyancy caused by the release of
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latent heat as water condenses. Interestingly, even though an upward moving parcel of air
cools, condensation of water vapor can provide sufficient heating of the parcel to maintain
the temperature of the air parcel above that of the surrounding air. When this occurs, the
parcel is buoyant and accelerates upward even more, leading to more condensation.
Cumulus clouds are produced in this fashion, and updraft velocities of meters per second
can be reached in such clouds. Vertical convection associated with cumulus clouds is, in
fact, a principal mechanism for transporting air from close to the Earth’s surface to the
mid- and upper-troposphere.

The stratosphere, extending from about 11 km to about 50 km, was discovered at the
turn of the twentieth century by the French meteorologist Léon Philippe Teisserenc de
Bort. Sending up temperature-measuring devices in balloons, he found that, contrary to the
popular belief of the day, the temperature in the atmosphere did not steadily decrease to
absolute zero with increasing altitude, but stopped falling and remained constant at 11 km
or so. He named the region the stratosphere from the Latin word stratum meaning layer.
Although an isothermal region does exist from about 11-20km at midlatitudes,
temperature progressively increases from 20 to 50 km, reaching 271 K at the stratopause,
a temperature not much lower than the average of 288 K at the Earth’s surface. The vertical
thermal structure of the stratosphere is a result of absorption of solar ultraviolet radiation
by 03.

1.4 PRESSURE IN THE ATMOSPHERE

1.4.1 Units of Pressure

The unit of pressure in the International System of Units (SI) is newtons per meter squared
(N m?), which is called the pascal (Pa). In terms of pascals, the atmospheric pressure at
the surface of the Earth, the so-called standard atmosphere, is 1.01325 x 10° Pa. Another
commonly used unit of pressure in atmospheric science is the millibar (mbar), which is
equivalent to the hectopascal (hPa) (see Tables A.5 and A.8). The standard atmosphere is
1013.25 mbar.

Because instruments for measuring pressure, such as the manometer, often contain
mercury, commonly used units for pressure are based on the height of the mercury column
(in millimeters) that the gas pressure can support. The unit mm Hg is often called the rorr
in honor of the scientist, Evangelista Torricelli. A related unit for pressure is the standard
atmosphere (abbreviated atm).

We summarize the various pressure units as follows:

1Pa=INm?=1lkgm 's™?
1 atm = 1.01325 x 10° Pa
1 bar = 10° Pa

1 mbar = 1 hPa = 100 Pa
1torr = 1mm Hg = 134 Pa

Standard atmosphere: 1.01325 x 10°Pa = 1013.25hPa = 1013.25 mbar = 760 torr
The variation of pressure and temperature with altitude in the standard atmosphere is
given in Table A.8. Because the millibar (mbar) is the unit most commonly u