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PREFACE TO THE FIRST EDITION

Cloud physics has achieved such a voluminous literature over the past few decades
that a significant quantitative study of the entire field would prove unwieldy. This
book concentrates on one major aspect: cloud microphysics, which involves the
processes that lead to the formation of individual cloud and precipitation particles.

Common practice has shown that one may distinguish among the following addi­
tional major aspects: cloud dynamics, which is concerned with the physics respon­
sible for the macroscopic features of clouds; cloud electricity, which deals with the
electrical structure of clouds and the electrification processes of cloud and precipi­
tation particles; and cloud optics and radar meteorology, which describe the effects
of electromagnetic waves interacting with clouds and precipitation. Another field
intimately related to cloud physics is atmospheric chemistry, which involves the
chemical composition of the atmosphere and the life cycle and characteristics of its
gaseous and particulate constituents.

In view of the natural interdependence of the various aspects of cloud physics,
the subject of microphysics cannot be discussed very meaningfully out of context.
Therefore, we have found it necessary to touch briefly upon a few simple and basic
concepts of cloud dynamics and thermodynamics, and to provide an account of
the major characteristics of atmospheric aerosol particles. We have also included
a separate chapter on some of the effects of electric fields and charges on the
precipitation-forming processes.

The present book grew out of a series of lectures given to upper division un­
dergraduate and graduate students at the Department of Atmospheric Sciences of
the University of California at Los Angeles (UCLA), and at the Department of
Physics of the New Mexico Institute of Mining and Technology at Socorro (New
Mexico Tech.). We have made no attempt to be complete in a historical sense,
nor to account for all the work which has appeared in the literature on cloud
microphysics. Since the subject matter involves a multitude of phenomena from
numerous branches of physical science, it is impossible to make such a book truly
self-contained. Nevertheless, we have considered it worthwhile to go as far as poss­
ible in that direction, hoping thereby to enhance the logical structure and usefulness
of the work. In keeping with this goal, our emphasis has been on the basic concepts
of the field.

This book is directed primarily to upper division and graduate level students who
are interested in cloud physics or aerosol physics. Since no specialized knowledge in
meteorology or any other geophysical science is presumed, the material presented
should be accessible to any student of physical science who has had the more or less
usual undergraduate bill of fare which includes a general background in physics,
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PREFACE TO THE SECOND EDITION

In the intervening eighteen years since the appearance of the first edition, research
in cloud microphysics has continued to expand at a rapid rate. In fact, we have
found it necessary to consider for inclusion in this edition the contents of over 5,000
articles, as well as dozens of books and conference proceedings published since the
first edition. Our approach to assimilating this material follows the philosophy of
the first edition, namely to attempt a balance between providing a necessary body
of descriptive and empirical knowledge, and a framework of theoretical generalities
and principles with which to rationalize the otherwise unmanageable mountain
of experimental facts. Such an effort naturally entails compromises and personal
choices, as a truly exhaustive and completely coherent account of a subject this
large cannot be confined within the bounds of a single volume of an acceptable
length. Nevertheless, we feel that the present volume does accommodate the most
significant advances that have occurred, and that it has been possible to close
some of the gaps and answer some of the major questions which characterized the
incompleteness of the subject at the time of the first edition.

As before, we have again attempted to enhance the appeal and clarity of the
book by making it as self-contained as possible. Our success in this respect has
been limited, not only because of the sheer volume of material, but also because of a
shift in style of the theoretical approach to the subject. Now that nearly everyone
has access to inexpensive desktop computers with more power than mainframes
at the time of the first edition, and similar access to greatly improved and easily
implemented numerical modeling software, a tendency has developed to address
theoretical issues by constructing and then incrementally augmenting numerical
models of great complexity, often of an ad hoc nature and with many adjustable
parameters. The underlying assumption that more and more physics can success­
fully be encoded this way into larger and larger programs is sometimes subject
to challenge; in any case, the resulting algorithms are often so complex that they
and their results have to be accepted largely on faith by other researchers. It is
obviously difficult to include an account of such theoretical work in a way that is
truly self-contained and logically complete.

We have also had to continue to be extremely restrictive in treating fields in­
timately related to cloud microphysics. Thus, as in our first edition, we could
touch only briefly on some simple concepts of cloud dynamics, and refer in places
only to the results of cloud dynamic models which include detailed microphysics.
(An excellent text on cloud dynamics is now available in the treatise by Cotton
and Anthes (1989).) We also had to leave out the extensive field of the interac­
tion between clouds and electromagnetic radiation, although we sometimes refer
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CHAPTER 1

HISTORICAL REVIEW

As one studies the meteorological literature, it soon becomes evident that cloud
microphysics is a very young science. In fact, most of the quantitative information
on clouds and precipitation, and the processes which are involved in producing
them, has been obtained since 1940. Nevertheless, the roots of our present knowl­
edge can be traced back much further. Although a complete account of the de­
velopment of cloud physics is not available, a wealth of information on the history
of meteorology in general can be found in the texts of Korber (1987), Frisinger
(1977), Middleton (1965), Khrgian (1959) and Schneider-Carius (1955). Based on
these and other sources, we shall sketch here some of the more important events in
the history of cloud physics. In so doing we shall be primarily concerned with de­
velopments between the 17th century and the 1940's, since ideas prior to that time
were based more on speculation and philosophical concepts than scientific fact and
principles. As our scope here is almost exclusively restricted to west European and
American contributions, we emphasize that no claims for completeness are made.

It was apparently not until the 18th century that efforts were underway to give
names to the characteristic forms of clouds. Lamarck (1744-1829), who realized
that the forms of clouds are not a matter of chance, was probably the first to
formulate a simple cloud classification (1802); however, his efforts received little
attention during his lifetime. Howard (1772-1864), who lived almost contempora­
neously with Lamarck, published a cloud classification (1803) which, in striking
contrast to Lamarck's, was well received and became the basis of the present clas­
sification. Hildebrandson (1838-1925) was the first to use photography in the study
and classification of cloud forms (1879), and may be regarded as the first to in­
troduce the idea of a cloud atlas. This idea was beautifully realized much later
by the International Cloud Atlas I (1975), II (1987) of the World Meteorological
Organization, the Cloud Studies in Color by Scorer and Wexler (1967) and the En­
cyclopedia Clouds of the World by Scorer (1972). In this last reference, excellent
colored photographs are provided together with a full description of the major gen­
era, species, and varieties of atmospheric clouds. An excellent collection of clouds,
photographed from satellites, is found in another book by Scorer (1986).

Both Lamarck and Howard believed the clouds they studied consisted of water
bubbles. The bubble idea was originated in 1672 by von Guericke (1602-1686), who
called the small cloud particles he produced in a crude expansion chamber 'bullu­
lae' (bubbles). Although he explicitly named the larger particles in his expansion
chamber 'guttulae' (drops), the bubble idea, supported by the Jesuit priest Pardies
(1701), prevailed for more than a century until Waller (1816-1870) reported in 1846
that the fog particles he studied did not burst on impact, as bubbles would have.
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CHAPTER 2

MICROSTRUCTURE OF ATMOSPHERIC CLOUDS AND
PRECIPITATION

Before discussing the microphysical mechanisms of cloud particle formation, we
shall give a brief description of the main microstructural features of clouds. Here
we will be concerned primarily with the sizes, number concentrations, and geometry
of the particles comprising the visible cloud.

2.1 Microstructure of Clouds and Precipitation Consisting of
Water Drops

2.1.1 THE RELATIVE HUMIDITY INSIDE CLOUDS AND FOGS

Although the relative humidity of clouds and fogs usually remains close to 100%,
considerable departures from this value have been observed. Thus, reports from
different geographical locations (Pick, 1929, 1931; Neiburger and Wurtele, 1949;
Mahrous, 1954; Reiquam and Diamond, 1959; Kumai and Francis, 1962a,b) show
that the relative humidity of fogs has been found to range from 100% to as low as
81%. Somewhat smaller departures from saturation are usually observed in cloud
interiors. Warner (1968a) indirectly deduced values for the relative humidity in
small to moderate cumuli from measurements of vertical velocity and drop size.
From his results (shown in Figure 2.1), we see that in these clouds the relative
humidity rarely surpasses 102% (Le., a supersaturation of 2%), and is rarely lower
than 98%. The median of the observed supersaturations was about 0.1%. Similarly,
Braham (in Hoffer, 1960) found, during several airplane traverses through cumulus
clouds, that in their outer portions the air generally had relative humidities between
95 and 100%, dipping to as low as 70% near the cloud edges where turbulent mixing
was responsible for entraining drier air from outside the clouds. In the more interior
cloud portions, the relative humidity ranged from 100% to as high as 107% (shown
in Figure 2.2). More recently, Politovich and Cooper (1988) deduced from flights
through 147 clouds over Miles City, Montana, that the supersaturation within these
clouds ranged between -0.5 and 0.5% with an average of 0%.

Usually, the maximum supersaturation attained for a given updraft in a fog or
cloud is inferred from a comparison between the observed number concentration of
drops with the observed number concentration of aerosol particles which can form
drops at a given supersaturation (Squires, 1952, Warner, 1968a; Hudson, 1980;
Meyer et al., 1980; Paluch and Knight, 1984; Austin et al., 1985; Politovich and
Cooper, 1988). Recently, however, instruments have become available which are
able to measure the relative humidity in clouds more directly. Thus, the relative
humidty inside fogs (Figure 2.3) was measured by Gerber (1981) by means of a spe-
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