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Observed Properties of Clouds 
 

The visual appearance of the planet Earth when viewed from space is dominated 
by clouds and cloud patterns. Clouds exist because of the physical process of 
condensation, but condensation occurs mainly in response to dynamical processes that 
include widespread vertical air motions, convection, and mixing. Accordingly, the 
pattern and structure of clouds are influenced by dynamical factors such as stability, 
convergence, and the proximity of fronts and cyclones. But this is not to say that 
clouds are merely incidental to atmospheric motions; for indeed clouds affect the 
motions through physical processes including the release of latent heat, the 
redistribution of atmospheric water and water vapor, and the modulation of the 
transfer of solar and infrared radiation in the atmosphere. In short, cloud behavior is 
dominated by dynamics but any comprehensive view of atmospheric dynamics must 
include clouds.  

 
Central to the subject of cloud physics are the topics of drop formation, growth, and 

interaction. These are treated in later chapters. As a background to the theory of cloud 
and precipitation development, the present chapter describes some of the observed 
characteristics of clouds. 
 
 
Sizes of clouds and cloud systems 
 

Satellite views of the Earth, such as Fig. 5.1, reveal organized cloud patterns 
extending over distances of hundreds and thousands of kilometers. Some of these 
patterns are associated with low-pressure centers at the surface and their 
accompanying fronts; others are tied to orographic features. They move with the 
pressure pattern or remain in place, and can continue to exist for days at a time. 
 

The individual water droplets and ice crystals that constitute a cloud are 
transitory, created by condensation and lost by evaporation or precipitation. The cloud 
or cloud system continues to live by the steady creation of new droplets as the 
previous ones cease to exist. It may be thought of as a kind of wave or disturbance 
through which the droplets move. It propagates in the direction of new drop formation 
and does not necessarily move as an entity with the wind at cloud level. The 
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individual droplets, crystals, and precipitation particles, however, move with the 
velocity of the air surrounding them plus their fall velocity relative to the air. 
 

Within a cloud system there can be recognizable isolated clouds or cloud 
elements that are identifiable by their shape and size. These might range from 1 to 100 
km in linear extent and have lifetimes from minutes to hours. Together, they make up 
the cloud system. 

 
FIG. 5.1.  View of Earth from the first Geostationary Operational Environmental Satellite (GOES-1). 

(Photo courtesy of NASA.) 

 
Closer views, as in Fig. 5.2, show increasing detail in cloud structure, down to 

the minimum resolvable scale. To assist in organizing thought and language, it has 
been found convenient to introduce a hierarchy of scales to describe atmospheric 
phenomena. Phenomena of the largest scale, variously called the masoscale, 
macroscale, or synoptic scale, range from about 1000 km upwards, and include the 
cloud systems associated with extratropical cyclones (low-pressure centers) and fronts. 
At the other extreme, phenomena of scale about 1 km or less are called microscale. 
These include small and generally fleeting cloud “puffs”, the turrets discernable on 
cumulus clouds, and small scale cloud irregularities, as well as physical processes on 
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the scale of a cloud droplet (microphysical processes). In between, with scales from a 
few kilometers to several hundred kilometers, are the so-called mesoscale phenomena, 
which include many kinds of clouds and cloud systems. 

 
FIG. 5.2 (a). Streams of convective clouds (“cloud streets”) forming between Labrador and Greenland 

as cold air flows from the north over the warmer open water. A mesoscale cyclone is developing in the 

center of the photograph. (Courtesy of John Lewis and Atmospheric Environment Service of Canada.) 

 
Clouds are classified according to their visual appearance from the ground in a 

system proposed by Luke Howard in 1803 and now adopted internationally. Howard, 
a British pharmacist, optimistically predicted that by his classification meteorology 
would be “rescued from empirical mysteriousness, and the reproach of perpetual 
uncertainty”. Unfortunately, meteorology has remained a subject with more than its 
share of difficult problems, though Luke Howard’s classification has served dutifully 
to this day. The system distinguishes four major cloud types: cumulus (clouds with 
vertical development), stratus (clouds in flat-appearing layers), cirrus (fibrous or 
hair-like), and nimbus (rain clouds). The complete international classification includes 
dozens of cloud types that may be some combination of the four major divisions (e.g., 
cirrocumulus, nimbostratus), types distinguished by their altitude (altostratus), or 
other notable for their development (cumulus congestus). It is assumed that the reader 
is acquainted with the main categories of cloud classification. Many cloud atlases are 
available with excellent illustrations, for example Scorer and Wexler’s (1963) A 
Colour Guide to Clouds. 
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FIG. 5.2 (b). Mixture of cloud types photographed over the tropical ocean from Gemini 4 spacecraft. 

(Courtesy of NASA.) 

 
Stratus clouds can extend over hundreds of kilometers in the horizontal, and can 

be thin and non-precipitating or thick enough to produce substantial widespread rain 
or snow. They are formed by synoptic or mesoscale vertical air motion arising from 
large scale convergence, frontal lifting, or orographic lifting of air that is statically 
stable. Stratus cloud at the earth’s surface is called fog, and may be caused by 
radiational cooling of the air near the ground, or by the mixing of air masses having 
widely different temperatures, as in coastal regions.  
 

Cumulus clouds are caused by convection in unstable air. Their horizontal and 
vertical extents are comparable, and the vertical extent is controlled by the depth of 
the unstable layer and its degree of instability. A typical length scale of a cumulus 
cloud is 3 km, though these clouds start from smaller thermals in which condensation 
first occurs, and can grow to extend vertically throughout the troposphere, actually 
penetrating a few kilometers into the stratosphere. Clouds this large invariably 
produce rain and usually lightning and thunder, and are called cumulonimbus clouds. 
Cumulonimbus clouds that last longer than an hour or so continue to spread 
horizontally and can eventually reach a size of 100 km or more. They are of special 
interest because of the severe weather that often accompanies them: hail, flood, and 
high winds. Cumulus clouds that produce rain without reaching thunderstorm 
proportions are called showers. 
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Microstructure of cumulus clouds  
 
(a) General aspects and experimental procedures 
 

Parcel theory suggests that the microstructure of cumulus clouds is mainly 
function of height. However, early observations of convective cloud structure in the 
1940s indicated that there is considerable spatial and temporal variability in cloud 
properties. Vertical motions and air temperature recorded by aircraft in the 
Thunderstorm Project (Byers and Braham, 1949) revealed that a convective storm 
usually consists of a number of “cells”, each of which passes through a characteristic 
life cycle. At any moment, a storm ordinarily contains cells at different stages of 
development. But also within a cell there are smaller scale fluctuations. 
Measurements of updraft speed, temperature, and liquid water content typically show 
a detailed fine structure with significant variations occurring over a distance of a few 
meters. Often, the fluctuations of updrafts, temperature, and water content are well 
correlated, indicating the importance of feedback mechanisms between dynamic, 
thermodynamic, and microphysical processes in convective clouds. In spite of the 
large natural variability, the “average” microstructure of convective clouds is largely 
controlled by a few characteristics of the environmental air. These factors are usually 
the cloud base temperature, the type and concentration of condensation and ice nuclei, 
the stratification of temperature and humidity, and the amount of dynamic forcing by 
vertical wind shear and large scale convergence.  

 
The microstructure of cumulus clouds is usually described in terms of 

temperature, vapor content, vertical velocity, liquid water content, cloud droplet 
spectra, and the size distributions of raindrops and ice particles. During the last 40 
years much effort has been devoted to develop instruments and experimental 
techniques to measure these quantities. Progress has been made on radar, lidar, and 
other remote sensing techniques for measuring cloud properties. However, the most 
reliable technique (although expensive) is still to take measurements in-situ using 
research aircraft equipped with the necessary sensors and instrumentation. The 
sampling procedure usually consists of a series of horizontal traverses flown through 
the cloud core at different altitudes. 

 
A detailed description of the instrumentation used on research aircraft, though an 

important part of cloud physics, is not included here. For this information the reader 
must turn to reports dealing with field experiments on convective clouds. We will 
only mention some of the most common instruments for measuring microphysical 
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parameters. Temperature is ordinarily measured by fast response thermometers such 
as the Rosemount sensor. Humidity can be recorded with a Cambridge dewpoint 
hygrometer. Cloud liquid water concentration is measured by a Johnson-Williams 
meter, which deduces the water amount from the heat lost by an exposed hot wire due 
to the evaporation of the droplets it intercepts. Vertical velocities are computed from 
measurements recorded by an accelerometer, a rate gyro system, and sensors for air 
speed, attack angle and sideslip angle. Cloud droplet spectra can be measured with an 
instrument called a forward scattering spectrometer probe built by PMS, Inc. This 
instrument sizes and counts particles by sensing the amount of light scattered as the 
particles interact with a focused laser beam. Size distributions of raindrops are 
measured by a similar type of optical array spectrometer. Information about the shape 
and thermodynamic phase of particles is gained by using the PMS tow-dimensional 
imaging probe. This instrument records shadow images cast by particles passing 
through a laser beam. A high speed memory enables the instrument to collect and 
synthesize information about every 350 ns. 

 
 
(b)  Variation of cloud properties with height 
 

The typical variations of cloud microstructure with height will be discussed with 
reference to a set of observations in a particular cloud. The data were recorded by 
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scientists of the Atmospheric Environment Service of Canada (Schemenauer et al., 
1980) during their participation in the High Plains Experiment conducted in Miles 
City, Montana. The cloud we will describe was observed at 2300 GMT on July 19, 
1979. As can be seen from the photograph of Fig. 5.3, it had a typical cumulus 
appearance with a clear-cut, cauliflower-shaped cloud top. Fairly isolated from other 
clouds, it was easy to identify over the 10-min period required for sampling. The 
cloud base was at 3.8 km, 1.2oC, and 63.55 kPa. The cloud thickness was 1.5 km and 
remained approximately constant during the sampling period. Cloud parameters were 
measured during five horizontal traverses starting at cloud top and in steps 300 m 
apart in altitude. The data from the tow-dimensional imaging probe indicated that no 
ice particles or raindrops were present. 

 
Figure 5.4 displays the measurements of liquid water content and vertical 

velocity for the penetration flown at an altitude of 4.58 km. Because the flight speed 
was approximately constant at 70 m/s, this record corresponds to a distance of about 
2.2 km. The data indicate variability on a small scale. High liquid water contents are 
clearly associated with strong updrafts. This correlation, though obvious in this 
traverse, is not always observed. An interesting feature of the vertical velocity 
measurements is that downdrafts exist over a significant fraction of the traverse. They 
are particularly pronounced near the cloud edges. The presence of in-cloud 
downdrafts, a finding that is typical for cumulus clouds, cannot readily be explained 
by simple parcel theory. 
 

 
FIG. 5.4. Measurements of water content and updraft velocity in the cloud of Fig. 5.3 along a track at 

altitude of 4.58 km. (Adapted from Schemenauer et al., 1980.) 

 
For each of the five cloud penetrations, the maximum values of updraft and 

downdraft (measured over time intervals of 0.5s), together with the root mean square 
(RMS) vertical velocities, have been computed. Figure 5.5 shows the results plotted 
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as functions of height above cloud base. The peak gusts are found to be stronger in the 
upper third of cloud. Maximum values of updraft and downdraft are comparable in 
magnitude. The values of the RMS vertical velocity are about half those of the peak 
drafts. The variability of the vertical air velocity indicates the importance of 
turbulence in the cloud. Turbulence is usually pictured as the flow of energy from 
large scale eddies down to smaller eddies. At the end of this energy cascade, the 
energy finally leaves the system through viscous heating. The intensity of turbulence 
can be characterized by the rate at which the energy is transferred form larger to 
smaller eddy sizes. Using the theory developed by Kolmogorov for the inertial 
subrange, it is possible to estimate the energy dissipation rate from the gust 
measurements sampled by aircraft (MacPherson and Isaac, 1977). The results are 
plotted at the far right in Fig. 5.5. The data show that the turbulence can account for 
some of the high variability found in the microstructure of convective clouds. 

 
FIG. 5.5. Maximum observed updrafts and downdrafts and RMS vertical velocity plotted against 

height above cloud base. Also shown is the computed turbulent energy dissipation rate, ε, in units of 

cm2s-3. 

 

Turning now to the liquid water content structure, we have plotted penetration 
averages and maximum 0.5-s values as function of height above cloud base in Fig. 5.6. 
The calculated adiabatic liquid water content is also shown. The averages liquid water 
content increases with height, but is only about half of the full adiabatic value. The 
maximum 0.5-s liquid water contents (that is, the maxima obtained from averages 
over about 35 m) are close to adiabatic, which might indicate the presence of 
undiluted “adiabatic pockets”. However, the full adiabatic values are realized only in 
regions that are small in relation to the cloud as a whole, and the main body of the 
cloud has significantly less water than the adiabatic value. This finding is common for 
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cumulus clouds. The only plausible explanation is that mixing must have occurred 
between the rising air from cloud base and the dry environmental air. This process 
will be discussed later in some detail. For the cloud described here, there was further 
evidence of cloud-environment interaction. The observed in-cloud temperature values 
(not shown) were less than those predicted by pseudoadiabatic ascent, suggesting that 
some cool environmental air must have entered the cloud. 

 
 

Cloud droplet distributions were sampled for drops between 2 and 30 μm in 
diameter with a resolution of 2 μm. Penetration averages of the size spectra are 
displayed at the corresponding flight levels in Fig. 5.7. Also plotted are the mean 
droplet concentration and the average droplet diameter as functions of height above 
cloud base. The most significant observation from Fig. 5.7 is the increase of mean 
droplet diameter from 7-9 μm near cloud base to 13-14 μm near cloud top, which is 
consistent with the shift of the droplet spectrum to larger sizes at higher altitudes. In 
the middle and upper portions of the cloud the droplet concentration decreases with 
increasing altitude. This suggests that some of the cloud droplets, while being lifted in 
the updraft, might have collided and joined with each other to form fewer but larger 
drops. The observations show that the droplet distributions evolve during ascent, but it 
is impossible from the data available to speculate whether the growth processes are 
adequate in this particular cloud to lead eventually to the formation of precipitation. 
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FIG. 5.7. Variation with height of the average droplet concentration and the average droplet size. 

The form of the average droplet spectrum at each height is also shown. (Adapted from 

Schemenauer et al., 1980.) 

 
It is important to recognize that the liquid water in a cloud is relatively small in 

amount and highly dispersed. The mass of water in a cloud is in the order of 0.1% or 
less of the mass of the air. The volume of a cloud occupied by condensed water is 
only in the order of one part in 106. Because this water is spread over many small 
droplets, it has a high surface-to-volume ratio, which partly explains the significance 
of clouds in chemical processes in the atmosphere.  

 
(c)  Observational evidence of cloud top mixing 
 

Observations in development cumulus clouds often reveal temperatures and water 
contents less than the adiabatic values, consistent with dilution by mixing of some sort. 
The origin of the entrained air is a matter of much debate. Two different explanations 
have been offered, which depend on the theory of convection adopted. If clouds are 
considered to resemble jets or plumes, outside air is entrained through the sides and 
mixes in the updraft in a way similar to the results of laboratory tank experiments. On 
the other hand, in the bubble or thermal theory, air mixes in near the top of the cloud. 
This mixing causes some of the cloud water to evaporate, chilling the air. The cooled 
mixture can then descend into the cloudy air below in the form of penetrative 
downdrafts. 

 
The wet equivalent potential temperature θq and total water mixing ratio Q can be 

examined to infer the origin of the entrained air in a non-precipitating cloud. In a 
procedure developed by Paluch (1979), an airplane takes a vertical sounding of 
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temperature, humidity, and pressure in the clear-air environment of a cloud. The 
measurements are converted to θq and Q values at each altitude, using equation (2.44) 
for θq and noting that Q in the clear air equals the water vapor mixing ratio. These 
values are then plotted on a diagram with coordinates of θq versus Q (which we might 
call a Paluch diagram). An example is given in Fig. 5.8, a cumulus congestus cloud 
investigated during a project in 1983 near Nelspruit, South Africa. The airplane 
observations at different pressure levels are plotted as points on the figure and 
connected with a line as shown. The convention here is to plot Q decreasing in the 
upwards direction on the diagram, because Q ordinarily decreases with altitude in the 
clear-air environment of a cloud. 

 
After taking the environmental sounding, the airplane penetrates the cloud at one 

or more levels and measures the in-cloud temperature, liquid water content, humidity, 
droplet spectrum, and vertical air velocity. The solid dots in Fig. 5.8 indicate in-cloud 
values of θq and Q calculated from airplane measurements at the 38 kPa level. Each 
point is based on a one-second average of the data, corresponding to a horizontal 
distance of 150 m. The points potted here were obtained consecutively as the airplane 
flew a distance of 1.2 km within the cloud. 

 
FIG. 5.8.  Environmental sounding, plotted on coordinates of Q versus θq (a Paluch diagram). Cloud 

base (CB) and cloud top (CT) are indicated. Consecutive measurements at one level in the cloud are 

shown by points. (From Reuter and Yau, 1987a.) 

 
Because thermodynamic processes in a non-precipitating cloud may be regarded 

as reversible, saturated, and approximately adiabatic, θq and Q are conservative 
parameters that mix linearly according to (4.7) and (4.8). Therefore, any cloudy 
sample consisting of air from two discrete levels will have a point on the Paluch 
diagram that lies on the straight line connecting the characteristic points of these 
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levels. Obviously, a single in-cloud point can be the result of mixing from any source 
regions. However, if the points obtained from consecutive samples at a given 
observational level lie along a straight line, it is highly probable that the region 
sampled consists of a mixture of the air from two discrete sources. 

 
The cloud points in Fig. 5.8 lie approximately on a segment of the straight line 

connecting environmental points from near the ground and from close to cloud top. 
This is strong evidence for penetrative downdrafts as the main mixing mechanism at 
the 38 kPa level. If the dilution of the cloud had been caused by air entrained from a 
lower level, the points would have been aligned differently. 

 
A body of observational evidence is accumulating, which supports the idea that 

cloud-top mixing and penetrative downdrafts account for much of the dilution of 
small and medium-size cumulus clouds. In-cloud points on a Paluch diagram often lie 
along straight lines indicating that the dry air enters the cloud from altitudes above the 
observing level. Moreover, simple computations with parcel theory and results from 
complex numerical cloud models have shown that the time scale and the vertical 
extent of penetrative downdrafts created by evaporative cooling are consistent with 
this thermodynamic interpretation. Theory and observations thus point to penetrative 
downdrafts as a major entrainment mechanism, at least in small and moderate 
cumulus clouds.  
 

Cloud droplet spectra 
 

Cloud droplet spectra are often characterized by a function n(r), which is define 
such that n(r)dr is the number of droplets per unit volume in the radius interval (r, r + 
dr). An alternative description is the distribution of r3n(r), which is often useful 
because (4/3) πρLr3n(r)dr is the contribution of the droplets within dr to the liquid 
water content. The mean, median, or mode of either of these two distributions may be 
used as a measure of droplet size, but because the shape of the spectrum can vary, a 
complete description requires specification of the entire spectrum. 
 

Average droplet spectra obtained by combining a large number of samples tend 
to exhibit a characteristic shape: n(r) rises sharply from a low value to a maximum 
and then decreases with increasing droplet size, creating a distribution that is 
positively skewed with a long tail toward the larger sizes. Such a distribution can be 
approximated by either a lognormal or a gamma distribution function. Of course, 
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individual size spectra may differ substantially from this shape. Many spectra have 
been observed that show only weak positive skewness and some are even negatively 
skewed (Squires, 1958a). Also, many individual spectra are bimodal. Warner (1969a) 
suggested that the tendency of size distributions to be bimodal is the result of mixing 
at the cloud top between the cloud and the dry environment.  
 

Squire focused attention on observations that showed that droplet spectra of 
cumulus clouds in continental air differ greatly from those found in clouds formed 
over the ocean (Fig. 5.9). Continental cumulus clouds typically have a large 
concentration of small droplets and a narrow size spectrum, while maritime cumulus 
clouds have a relative small concentration of large droplets and a broad size spectrum. 
There are many observational studies (for example Ryan et al., 1972) that confirm 
that maritime clouds usually have a broader size spectrum than continental clouds. It 
is significant, however, that the liquid water contents of maritime and continental 
cumulus clouds are often similar. The marked differences in droplet size spectra are 
largely accounted for by the different air mass types with correspondingly different 
concentrations of cloud condensation nuclei, a distinction that will be explained in 
some detail in later chapters. Suffice it to say for the moment that embryonic droplets 
are formed by condensation on hygroscopic aerosol particles, and that continental air 
usually has a higher concentration of such particles than maritime air. Many more 
droplets compete for the available moisture in continental clouds than in maritime 
clouds, and consequently they are smaller. 

 

FIG. 5.9.  Droplet spectra in trade-wind cumulus off the coast of Hawaii and continental cumulus over 

Blue Mts. Near Sydney, Australia. (From Fletcher, 1962, after Squires, 1958a.) 

 

There is a tendency for cloud droplet size spectra to change with time as the 
drops move about, interacting with one another and with their environment. Usually 
the spectra broaden as the cloud matures. The broadening is explained by a 
combination of processes including collisions and coalescence, condensation and 
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evaporation, turbulence effects and the mixing of cloud parcels with different histories. 
These processes will be described later. At this stage, we only want to mention some 
of the observed characteristics of the water vapor content of cumulus clouds, because 
this quantity is crucial for the evolution of droplet distributions. 

 
It is extremely difficult to make accurate measurements of humidity in 

convective clouds, because of instrument limitations. Humidity sensors usually have a 
long response time and thus are incapable of measuring the rapid fluctuations in 
clouds. For example, the Cambridge dew point meter has a response time of about 3 s 
and cannot adequately record the humidity field inside a turbulent cloud. Information 
about humidity fluctuations in clouds must therefore be obtained by some other means. 
Warner (1968) used simultaneous measurements of updrafts and drop-size spectra to 
estimate the relative humidity in small and moderate-sized convective clouds. His 
results suggested that in the cloud interior the relative humidity rarely surpasses 102% 
and is seldom less than 98%. The median value of supersaturation was about 0.1%. In 
the immediate vicinity of the cloud edges, the relative humidity probably dips to about 
90% or even less, as a result of turbulent mixing that entrains dry air from outside the 
clouds. During the Cooperative Convective Precipitation Experiment held in 1981 in 
eastern Montana, the fine scale microstructure of clouds was examined by analyzing 
the high frequency droplet count (50 Hz) from a forward scatter spectrometer. These 
observations suggest that it is likely that some cumulus clouds contain small pockets 
of droplet-free, unsaturated air (Jensen and Blyth, 1988). 
 
 
Microstructure of stratus clouds 
 

In the past, experimental cloud physics has focused more attention on convective 
clouds than on stratiform clouds. One of the reasons is probably the difficulty of 
taking representative measurements in widespread cloud layers, which often cover 
areas of 106 km2 and last for several days. Recently, however, stratiform clouds have 
come under increasing attention, partly because of their importance in determining the 
global radiation balance. 
 

The vertical air motions in stratiform clouds are much weaker than those in 
cumulus clouds. In cumulus, the updrafts and downdrafts are in the order of meters 
per second; in stratus, they are in the order of a few tens of centimeters per second, 
values that are consistent with the vertical motion predicted from the horizontal 
convergence of low-level synoptic scale flow. Though weak, the ascent can continue 
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for a long enough time to produce widespread, continuous rain. Although stratus 
clouds may appear to be horizontally homogeneous, there is always some degree of 
fine-scale variability in cloud structure. An example of such variability is shown in 
Fig. 5.10. These records were obtained by an instrumented airplane as it descended 
gradually through a marine stratus cloud deck about 200 m thick and many tens of 
kilometers in horizontal extent. The figure also illustrates typical values of stratus 
cloud properties. 
 

Liquid water contents of stratus clouds are usually in the range from 0.05 to 0.25 
g/m3. Detailed observations of the microphysical structure of maritime stratus clouds 
(e.g., Nicholls, 1984; Noonkester, 1984) show that the average liquid water content 
over horizontal layers increases with height, but the values are less than adiabatic. 
This increase of water content with height is accounted for by an increase in droplet 
sizes rather than concentration. In fact, the concentration is observed to be 
approximately constant throughout much of the cloud, whereas the mean droplet size 
increases monotonically with height. This finding points to a growth process 
dominated by condensation rather than coalescence. Consistent with this 
interpretation, the droplet spectra in stratus clouds are relatively narrow, as expected 
from growth by condensation. 

 
 

FIG. 5.10.  Records of vertical air velocity (m/s), mean droplet diameter (μm), liquid water content 

(g/m3), and altitude (m), during descent through marine stratus cloud. (From Telford and Wagner, 

1981.) 

 

Stratus clouds are often capped by a temperature inversion, inhibiting further 
vertical growth. Turbulent velocity fluctuations near the cloud top cause parcels of dry 
air to be mixed into the cloud layer. This mixing leads to complete or partial 
evaporation of some of the droplets near cloud top. The exact nature of this mixing 
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and its effects on the evolution of the droplet size distribution are still debated issues, 
mentioned earlier and discussed in more detail in Chapter 8. The evaporation causes 
cooling near cloud top, creating local pockets of air with negative buoyancy that move 
downwards into the body of the cloud. Significant cooling is also caused by longwave 
radiative heat loss from cloud top. Nicholls and Turton (1986) evaluated the relative 
importance of radiative and evaporative cooling at the top of stratiform cloud sheets. 
They found that evaporative cooling is more important when the turbulent mixing is 
strong, but that radiation predominates when mixing is weak.  
 
Likelihood of ice and precipitation in clouds 
 

When a cloud of water droplets is cooled to temperatures below 0oC there is a 
chance that ice crystals will begin to appear. But because the water is highly dispersed 
and the atmosphere has a relatively short supply of particles that can serve s centers 
for ice formation (ice nuclei), ice crystals may not be observed until the cloud is 
cooled to –10oC or colder. That is, cloud water in the atmosphere in the supercooled 
state is common. Because of the variability in space and time of the concentration of 
atmospheric ice nuclei, it is not possible to say, for any given cloud, at what 
temperature the ice phase will appear or how the number of crystals will increase with 
additional supercooling.  Figure 5.11 summarizes results of several cloud studies, 
indicating the percentage of clouds containing ice as a function of cloud top 
temperature. Such data may be accepted as an approximate guide to the likelihood of 
ice, but it should be understood that ice formation depends not only on temperature, 
but on cloud type, cloud age, and geographical location. Information is not yet 
available to permit a confident prediction of ice occurrence in a specific cloud.  

 
Fig. 5.11.  The fraction of clouds containing ice as a function of cloud top temperature, from 

observations of 258 clouds by several investigators in different regions. The number above each point 

is the number of observations at that temperature; the dashed curve is a three-point running mean. 
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(From Houghton, 1985, after Hobbs et al., 1974.) 

 
Precipitation takes time to develop in a cloud, and is more likely to develop if the 

cloud is thick and if it contains ice. Therefore the probability of precipitation increases 
with some combination of cloud age, temperature, and vertical extent. In cumulus 
clouds, these three quantities are correlated with on another, and the likelihood of 
precipitation is often related to only one, the cloud thickness. Battan and Braham 
(1956) reported on the occurrence of precipitation in cumulus clouds at three different 
locations, the ocean near Puerto Rico, the central United States, and New Mexico. 
Their data show that the percentage of clouds with precipitation increases with cloud 
thickness. The thicknesses for a 20% likelihood are approximately 2.0 km, 3.5 km, 
and 4.5 km, respectively, for Puerto Rico, the central U.S., and New Mexico. More 
recent studies have confirmed that continental clouds must be thicker than maritime 
clouds for the same probability of precipitation. This difference is related to the 
different cloud droplet populations for the two classes of cloud. In maritime clouds, 
the droplets are relatively few but large and can collide and coalesce with each other 
more readily than the small drops in continental clouds to form precipitation. Less is 
known of precipitation likelihood in stratus clouds, but again the thickness, age, and 
temperature are the most important controlling factors. 
 
 
Microstructure of large continental storm clouds 
 

So far our description of cloud microstructure has been confined mainly to small 
and medium-size clouds. In-situ measurements of cloud parameters are rather scarce 
for severe convective storms, because often safety requirements do not allow for 
aircraft traverses through severe storms, particularly those that may contain hail. In 
addition, large storms occur far less frequently than small cumulus clouds. (Severe 
storms seem to have the strange habit of “avoiding” the dense observational networks 
specifically put in place for collecting storm data.) From the observations available, it 
is clear that the microstructure may vary significantly from one storm to another. Also, 
within a given storm, there is substantial temporal and spatial variability. Figure 5.12 
shows an example of the large spatial variability of vertical velocity in a convective 
storm, as determined by a series of “dropsondes” released from an overflying airplane. 
Doppler radar data, presented in a later chapter, also indicate a high degree of 
variability of the air motion in storms. 

In spite of the large variability in storm microphysical parameters, it seems more 
instructive to discuss measurements in a particular storm rather than to present 
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averages of the properties of many storms. This “case study” approach has the merit 
of emphasizing the relationships between the different cloud parameters. The data 
chosen for discussion were obtained in a large multicellular storm that formed near 
Grover, Colorado, on July 22, 1976, and was studied carefully during the National 
Hail Research Experiment (Knight and Squires, 1982). The storm is considered fairly 
representative of large storms forming in an unstable continental airmass. During its 
90-min lifetime it produced copious amounts of precipitation including some hail. 

 

FIG. 5.12. Vertical cross section of vertical air velocity (m/s) in a thunderstorm 
obtained from a series of droponde measurements. (From Bushnell, 1973.) 

Heymsfield and Musil (1982) presented measurements taken by a specially 
armored airplane at midlevels. Figure 5.13 shows the observations from one of the 
penetrations. The strongest observed updraft, 26 m/s, was about 2.5 times larger than 
the peak downdraft speed. Considerable variability of the equivalent potential 
temperature, θe, was observed throughout the penetration. It should be noted that the 
values of θe computed from measurements made by an airplane flying below the 
cloud base were consistently higher than the values at midstorm level, indicating 
entrainment of environmental air throughout the updraft region. The temperature 
excess within the updraft regions can be estimated by comparing measured 
temperatures in the updraft with those outside the cloud at the same level. The peak 
temperature excess for the data shown is 2oC. The highest values of liquid water 
content were found in the region of strongest updraft. The peak value of 1.95 g/m3 is 
about 60% of the computed adiabatic value, 3.2 g/m3. Droplet concentrations (not 
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shown) averaged 750-800 cm-3 and the mean droplet diameter ranged between 15 and 
18 μm. The ice content, computed from measured size spectra and derived particle 
habits over the entire size spectrum, was typically less than 1 g/m3. The highest ice 
concentration was in the region of downdraft. The low ice content in the peak updraft 
region suggests that depletion of liquid water by growing ice particles was negligible 
within the updraft core. No particles larger than 5 mm in diameter were found in the 
updraft core, whereas comparatively high concentrations of large particles were found 
in the downdraft. The combined liquid and ice amounts in the updraft were lower than 
the adiabatic water content by at least 1 g/m3, indicating dilution by entrainment. 
There is evidence from other studies that some convective storms are so large in 
horizontal extent that they contain substantial interior regions in which the water 
concentration is undiluted by mixing—so-called adiabatic cores. 

 

FIG. 5.13.  Records of vertical air velocity, equivalent potential temperature, liquid water content 

(solid), and ice content (dashed) in the core of a thunderstorm. (From Heymsfield and Musil, 1982.) 

 5-19



Problems 
 
5.1.   Cloudy air consists of dry air, water vapor, and cloud droplets. In a particular 

cloud volume, there are 200 droplets per cubic centimeter, all of the same size, 
with a radius of 10 μm. The temperature is 10oC and the pressure is 80 kPa. 
Determine the following properties of the cloud: 
(a) The mass of cloud water per unit volume. 
(b) The mass of water vapor per unit volume. 
(c) The mass of dry air per unit volume. 
(d) The mean distance between the droplets. 

 
5.2    An airplane flies through an isolated cumulus cloud to make microphysical 

measurements with a raindrop spectrometer probe having a cross-sectional 
area of 20 cm2. The cruising speed is 80 m/s and a horizontal traverse through 
the cloud core takes about 2 min. Assume that the cloud shape can be roughly 
approximated by a cylinder having a depth of 4 km. Under these assumptions, 
compute the fraction of the cloud volume that is actually sampled during a 
traverse. 

 
5.3    Estimate the liquid water content from the observed cloud droplet size spectra 

plotted in Fig. 5.9 by adding the contributions of water content from the 
different size classes. 

 
5.4   It is often useful to have a simple analytic expression with few free parameters 

that closely fits the empirical average droplet size distribution. A convenient 
representation, suggested by Soviet cloud physicists A. Kh. Khrgian and I. P. 
Mazin, is n(r) = Ar2exp(-Br), where n(r)dr is the number of drops per unit 
volume in the radius interval between r and r + dr, and A and B are parameters 
(Borovikov et al., 1963). Express A and B in terms of total droplet 
concentration and the average radius. Also find the dependence of A on the 
liquid water content. 
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5.5   Measurements of temperature and liquid water content in clouds contain some 

degree of uncertainty because of instrumental errors. When analyzing data on 
the Paluch diagram, it is useful to establish the “error bar” of a (Q, θq) data 
point in terms of uncertainties in the observed variables. Consider the 
measurements of an air sample to be –10oC, 60 kPa, and 1 g/m3 for 
temperature, pressure, and liquid water content, respectively.  Compute the 
(Q, θq) data point for these measurements. Compute the effect of an 
uncertainty in temperature of 0.5oC (without changes in pressure and liquid 
water content) on the (Q, θq) point. Also find the effect of an increase in liquid 
water content of 0.2 g/m3 (without changing temperature and pressure). 
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