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Precipitation Processes 

 
The spatial extent, intensity, and lifetime of a precipitation system are mainly 

controlled by vertical air motions.  To a large extent, these air motions are the 
manifestation of the different types of atmospheric instabilities described in Chapter 3.   
The characteristic time and length scales associated with the instabilities depend upon 
the following atmospheric properties: 
 

D, the depth of the unstable layer (D≦l0 km) 
N, the Brunt-Väisälä frequency (N ~ l0–2 s-1 ) 
f, the Coriolis parameter (f ~ l0–4 s–1 at midlatitudes) 
β = the meridional gradient of f (β ~ l0yf ∂∂ / –11 m–1 s–1) 

zu ∂∂ / , the wind shear (  ~ 2 × l0zu ∂∂ / –3 s–1) 
 

The methods of scale analysis (e.g., Emanuel, 1986) and linear stability theory (e.g., 
Emanuel, 1979), details of which are beyond the scope of this book, lead to the 
estimates in Table 12.1 of the characteristic length and time scales of motions 
associated with the different kinds of instability. 
 

It is clear that baroclinic instability accounts for precipitation systems on the 
synoptic scale.  The vertical motion is widespread and in the order of centimeters per 
second.  Conditional instability produces cumulus convection with localized updrafts 
of several meters per second.  Symmetric instability can account for mesoscale 
systems with updraft speeds between those of the convective and synoptic scale 
systems. 
 

TABLE 12.1. Length and time Scales of Major Instabilities 
Type Horizontal scale Time scale 

Conditional instability D≦l0 km 
N
1 ~ 8 min 

Symmetric instability km
f

Dzu 200)/(
≤

∂∂  
f
1 ~ 3 h 

Baroclinic instability km
N

zuf 2000)/(
2

2

≤
∂∂

β fzu
N

)/(
2
∂∂
π ~ 3 days 
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The close relation between the scale and intensity of vertical motions and the 

character of the precipitation they produce leads to the classification of precipitation 
as one of two types, depending on the dominant mechanism responsible for the 
vertical motion. 

 
1. Widespread, stratiform, continuous precipitation associated with large scale 

ascent produced by frontal or topographic lifting or large scale horizontal 
convergence. 

2. Localized, convective, showery precipitation associated with cumulus-scale 
convection in unstable air. 

 
    This is a useful classification, although the distinction between stratiform and 
convective precipitation is not always sharp.  Widespread precipitation, when 
observed either by radar or raingauge, invariably shows fine-scale structure with the 
most intense precipitation confined to elements with a size of only several kilometers.   
Precipitation of convective origin can extend over a large area and produce a pattern 
similar to that of continuous precipitation.  Nevertheless, it is usually possible to 
describe a pattern as either markedly nonuniform (hence convective), with locally 
intense regions ranging in size from 1 to 10 km and separated from one another by 
areas free of precipitation, or rather uniform (hence stratiform) with less pronounced 
small scale structure and a wider overall extent.  Moreover, the pattern of stratiform 
precipitation evolves relatively slowly in time, and that of convective precipitation 
changes rapidly. 
 
   Stratiform rain is produced in nimbostratus clouds, although dissipating cumulus 
clouds and orographic clouds may contain rain with stratiform structure.  Most snow 
originates in nimbostratus clouds, but snow flurries and graupel showers can be 
produced in convective clouds. 
 
 
Stratiform Precipitation 
 
   Figure 12.1 is an example of a radar pattern of stratiform precipitation.  This is a 
slant-PPI at the rather high elevation angle of l5 degrees.  Four or five shades of gray 
are discernable, each corresponding to an interval of l0 dBz in reflectivity factor, as 
indicated along the calibration scale at the bottom.  The circular symmetry of the 
pattern implies a reflectivity field that is horizontally stratified.  At ranges beyond 5 
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km, corresponding to an altitude of 1.3 km above the radar site, the precipitation is in 
the form of snow.  At closer ranges the temperature is warmer than 0oC and the snow 
has melted and turned to rain. 
 
   More details of the vertical structure of this precipitation are shown in Fig 12.2, 
an RHI display at an azimuth angle of 30 degrees.  The narrow band of high 
reflectivity just above 1 km is the radar, “bright band”, which indicate the melting 
layer.  The intersection of this band with the radar beam at an elevation angle of 15 
degrees accounts for the bright ring in Fig 12.1.  Figure 12.2 shows that the 
reflectivity pattern in the rain is less uniform horizontally than that in the snow.  This 
tendency is often observed, which means that the rain at the ground is variable even 
though the snow aloft appears uniform. 

 
FIG. 12.1. Plan view of stratiform precipitation at an elevation angle of 15 degrees. Radar operated by 

National Center for Atmospheric Research, and located near Boulder, Colorado. In this 

computer-generated display, reflectivity is shown in several shades of gray, each corresponding to an 

interval of 10 dBz as indicated on the calibration strip. Range rings are at 10-km intervals (Courtesy of 

NCAR.) 

 

FIG 12.2. Vertical cross section at an azimuth angle of 30 degrees through the precipitation in Fig. 12.1. 

The maximum reflectivites in the melting layer are near 45 dBZ. (Courtesy of NCAR.) 
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FIG. 12.3. Two views of the radar bright band: at the left a vertical profile of reflectivity and Doppler 

velocity as measured with a vertically pointing Doppler radar; at the right a PPI map at 8o elevation on 

which the melting layer appears as a bright ring at a range of about 20 km. (Doppler data from Cornell 

Aeronautical Laboratory; photograph from McGill Radar Weather Observatory.) 

 
The bright band is one of the distinctive features of stratiform rain patterns; other 

examples are shown in Fig. 12.3.  The vertical profile in this figure is for a typical 
melting layer.  It shows that the layer of strengthened reflectivity is several hundred 
meters thick and that the reflectivity maximum can exceed by 10 dBz the reflectivities 
in the rain below or the snow above.  The Doppler velocity in this profile is seen to 
increase from about 1.5 m/s in the snow to 6 m/s in the rain, with the maximum 
gradient in velocity located just below the level of maximum reflectivity.  As 
snowflakes descend into air with a temperature warmer than 0oC, their radar 
reflectivity increases for several reasons, the most important of which is melting, 
because the dielectric constant of water exceeds that of ice by a factor of 4.4, or 6.5 
dB. Also, in its initial stages, melting produces distorted wet snowflakes with 
somewhat higher reflectivities than those of spherical drops of the same mass. 
Continuing to melt while descending, the snowflakes become more compact and 
finally collapse into raindrops.  Since the raindrops fall faster than the snowflakes 
their concentration in space is reduced.  This dilution of the numbers accounts in part 
for the decrease of reflectivity in the lower part of the melting layer.  If the melting 
flakes break apart further reduction in reflectivity occurs. 

 
   Wexler (1955) analyzed the processes in the melting layer and gave the 
following estimates of the changes in reflectivity arising from the different effects: 
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  Fall    
 Melting velocity Shape Condensation Total 

Snow to bright band + 6 -1 +
2
11  0 + 6

2
1 dB 

Bright band to rain + 1 -6 -
2
11  

2
1  -6 dB 

 
The fact that observations often reveal a stronger bright band than predicted suggests 
that aggregation in the upper part of the melting layer and disintegration below are 
occurring. 
 
   There are occasions in widespread precipitation when the bright band is weak, 
diffuse or entirely absent because of convective overturning: mixing disrupts the 
stratification necessary for the melting layer to be well defined. 

 
-height records of (a) snow aloft, but not reaching the ground, (b) weFig. 12.4. Time defined trail ll-

pattern, (c) relatively homogeneous echo, (d) stalactites (downward protrusions) at leading edge of 

storm. Total length of records is 50 min; vertical extent is 20,000 ft. (From Douglas et al., 1957.) 
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Convection in widespread precipitation also manifests itself in so-called snow 
“generating cell”.  Figure l2.4 shows examples of measurements in snow with a 
radar using a fixed, vertically pointing beam.  As the snow moved through the beam, 
the reflectivity was recorded as a function of time and altitude.  In these coordinates, 
the data accurately portray the detail of precipitation structure in the vertical.  The 
observed time variations in data recorded this way arise from a combination of (1) the 
translation across the beam of spatial variations in the precipitation pattern and (2) 
evolution of the structure in time.  The snow is widespread in all four examples, but 
cases (b) and (c) are more stratiform in appearance than the others.  Patterns of type 
(a) and (d) are observed in advance of snow reaching the ground; most snowfall is 
associated with a trail pattern as in (b).  These trails originate in compact cells called 
generating cells which are smaller than the trails and not often actually observed. 
Pendulous extensions of the lower edge of the echo in (d) are referred to as stalactites, 
and occur when snow falls into dry air.  Sublimation of the snow chills the air, 
causing local overturning that perturbs the lower echo boundary. 
   

 
 

FIG. 12.5. Time-height pattern of reflectivity (belo ) and mean Doppler velocity (above) in Hawaiian 

Snow generating cells are found to have no preferred altitude or temperature, but 
to be

w

orographic rain. The 0-dBz reflectivity contour, defining the top of the precipitation, is shown dashed 

in the Doppler velocity pattern. The vertical air velocities deduced from these observations were 

estimated to be every where less than 1 m/s. (Adapted from Rogers, 1967.) 

 

 located usually just above frontal surfaces in air that is hydrostatically stable. 
From the slope of snow trails and knowledge of the speed of motion of the pattern 
through the beam, Marshall (1953) determined that the snow falls at about 1 m/s, 
which is consistent with the fall speed of aggregated snowflakes.  Douglas and 
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Marshall (1954) showed that the latent heat of sublimation released by ice crystals 
growing in a moist stable environment is sufficient to initiate convective overturning, 
and that the vertical development of these convective elements is comparable to the 
observed dimensions of generating cells.  Consequently the generating cells are 
probably regions in which ice crystal growth by aggregation and accretion is 
promoted by sublimation-induced convection. 

 
Although widespread snow often presents the most stratiform appearance to 

radar

 

he horizontally stratified pattern, with reflectivity and downward Doppler 
veloc

howers 

Two examples of PPI records of showers are shown in Fig. l2.6.  Some of the 
show

 of any precipitation, rain can also exhibit marked horizontal homogeneity. 
Figure 12.5 is an example of light rain produced by clouds consisting entirely of water 
droplets.  The observations were obtained by a vertically pointing Doppler radar. 
The reflectivity and mean Doppler velocity were recorded as functions of time and 
altitude as the rain moved through the beam.  In this example the pattern had a 
velocity of about 3 m/s.  Therefore the record of 24 min duration corresponds to a 
distance through the rain pattern of about 4 km.  Because the reflectivity contours 
are approximately horizontal, especially during the latter half of the record, it is 
reasonable to suppose that the rain pattern is slowly changing and that the figure 
approximately represents the rain pattern in space, along a line in the direction of its 
motion. 

 
T
ity increasing progressively with distance downward from the top of the echo, 

indicates a steady precipitation process in which small raindrops near the echo top 
slowly descend through cloud and smaller raindrops, growing by coalescence.  Such 
a process produces an increase in average drop size with distance fallen, with a 
corresponding increase in the reflectivity. 
 
 
S
 

ers in the first example are arranged in a line to the west of the radar, but in the 
second no particular organization is evident.  Individual echoes in patterns of this 
sort have lifetimes of less than an hour, and the patterns themselves evolve rapidly. 
Convection instead of gravitational settling dominates the precipitation growth 
process. 
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FIG. 12.6  Two examples of radar records of showers. In the picture on the left some echoes are 

organized in a line; the echoes in the right picture are located randomly. Range rings at 10-min intervals. 

Gray scale thresholds in 10-dB steps, with calibration pattern at 70min to the east. (From Alberta Hail 

Studies Laboratory.) 

 

 
FIG. 12.7a  Time-Height pattern of reflectivity in a warm-rain shower observed in Hawaii. Contours 

are labeled in dBz. Reflectivities greater than 30dBz are shaded. 

 
Figure l2.7a shows the reflectivity structure of a rainshower as measured by a 
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vertically pointing Doppler radar.  The shower was moving through the beam with a 
velocity of about 4 m/s.  Consequently the record, of 18-min duration, corresponds 
to a distance through the shower of about 4 km.  The shower is thus of compact form, 
with approximately the same extent in the horizontal as in the vertical.  Figure 12.7a 
does not depict the exact form of the shower in space, because development and 
internal changes were undoubtedly occurring during the observation time. 
 

 

FIG. 12.7b.  Pattern of updraft velocity in the same shower. Velocity contours in m/s, positive upwards. 

Shaded areas from Fig. 12.7a indicate reflectivities greater than 30 dBz. 

 
The Doppler velocity pattern of this shower (not shown) was used in connection 

with the reflectivity data to deduce the pattern of updraft velocity in Fig. 12.7b.  At 
1414 there was upward air motion through the entire vertical extent of the pattern, 
with maximum velocities exceeding 5 m/s.  These upward motions include the 45 
dBz maximum in the reflectivity pattern.  At l42l the signal again intensified 
overhead in connection with a region of vertical air motion, this time somewhat 
weaker than earlier.  Heavy rain fell while the shower passed; total accumulation 
during the l8 min period was 3.8 mm. 

 
The broad features of this example of a Hawaiian shower are relatively simple.  

It appears to consist of two active convective elements, each having a fairly 
continuous updraft and an associated region of high reflectivity.  Most showers that 
have been observed in this manner appear to be multicellular.  There are 
uncertainties in interpreting time-height records, however, for it is often not possible 
to determine whether the core of the shower or a fringe area is passing overhead. 
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Browning et al. (1968) reported on a shower that was observed simultaneously 

by two Doppler radars, one pointing vertically and the other at a low elevation angle. 
The center of the shower was known to pass directly over one of the radars during the 
observing period, and from the data it was possible to infer the pattern of air motion in 
the shower and the region of precipitation growth (Fig. 12.8).  The updrafts are 
confined to the upper part of the shower (an observation in common with many other 
Doppler radar studies of showers) but are very weak, amounting to only about l m/s. 
Precipitation in the form of graupel is thought to originate and begin growing in this 
area.  The graupel continues to grow as it descends through the weak updrafts and 
forms a precipitation streamer at lower levels.  The solid trajectories in the figure are 
estimates of the paths of the largest graupel particles.  Downdrafts predominate at 
low levels, again in common with other radar-measured airflow patterns.  This rather 
characteristic pattern—updrafts at high levels and downdrafts below—suggests that 
the initial ascent of the air from low levels takes place outside any existing 
precipitation and is completed by the time the cloud particles in the ascending air have 
grown to radar detectable size.  The lifetime of the convective element is thus about 
the same as the time required for the precipitation to develop.  This fundamental 
characteristic of showers was pointed out by Houghton (1968), and will be mentioned 
in the context of cloud modification. 

 
FIG. 12.8.  Time-height pattern of a shower showing streamlines of air motion, trajectories of the 

largest particles (ωmax), and trajectories of the particles contributing most to the Doppler velocity (ωp). 

The streamlines and trajectories are drawn relative to the shower. Temperature profile indicated on the 

right. (From Browning et al., 1968.) 
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Precipitation theories 
 
   Precipitation from midlatitude stratiform clouds is thought to develop chiefly by 
the ice-crystal process. These clouds have relatively low liquid water contents, so 
coalescence is likely to be ineffective.  The clouds last a long time, however, and if 
cloud persists at altitudes where the temperature is about –l5oC the ice-crystal process 
can lead to precipitation.  As explained by Braham (1968) in a survey of 
precipitation development, each level in stratiform clouds has a special importance in 
the precipitation process.  The cold upper levels (T ≈  –20oC) supply ice crystals 
that serve as embryos for precipitation development at lower levels.  The cloud at 
midlevels ( T  –15≈ oC) provides the right environment for rapid diffusional growth. 
Aggregation and accretion proceed most rapidly still lower in the cloud, at 
temperatures between –10oC and 0oC.  Most of the precipitation growth occurs in 
these lowest levels. 
 
   In convective clouds less time is available for precipitation growth, but because 
liquid water contents are typically higher than in stratiform clouds coalescence stands 
a better chance of producing rain.  From the observation that the lifetime of a 
convective element (about 20 min) is also the time needed for precipitation to grow, 
Houghton (1968) concluded that the precipitation forming process must begin early in 
the developing cloud and therefore at a low level.  Although the precipitation may be 
initiated by either coalescence or the ice-crystal process, depending primarily on the 
temperature and cloud water content, most precipitation growth is by accretion. 
 

Thus the mechanisms of precipitation formation are quite different in stratiform 
and convective clouds. As a useful approximation continuous rain can often be 
viewed as a steady-state process, in which cloud quantities may vary with height but 
are constant with time at any given height.  On the other hand, showers may be 
approximated as systems in which the cloud properties vary with time but are constant 
with height at any given time.  These limiting approximations were first suggested 
by Rigby, Marshall, and Hitschfeld (1954). 

 
As an example of the use of the approximation for showers we now solve for the 

evolution of a raindrop-size distribution with time, assuming growth by accretion of 
cloud droplets.  In this case, the elementary form of the continuous growth equation 
is given by (8.15), 
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L

ME
dt
dR

ρ4
= u(R). 

For drops in the intermediate size range the linear fall speed law (8.8) applies, and if 
ME may be regarded as constant the solution of the growth equation is 

 
R(t) = R(0)eat,                        (12.1) 

where a = k3 ME /4ρL. 
 

Now let n(R, t) and n(R, 0) = n0(R) denote, respectively, the raindrop-size 
spectrum at time t and at the initial time.  Since accretion is the only growth 
mechanism considered the number of raindrops in the interval dR0 in the initial 
distribution is the same as the number of drops in the interval dR of the distribution at 
time t.  That is, 
 
                         n(R, t) dR = n0(R0) dR0,                    (12.2) 
 
which is analogous to(7.29) for growth by condensation.  From (l2.1), 

 
n(R, t) = e–atn0(R e–at ),                     (12.3) 

 
which is the solution we sought, expressing the distribution at any time t in terms of 
the initial distribution.  This approximation neglects coalescence among raindrops, 
and is probably most appropriate for the early stages of raindrop growth in convective 
clouds, when light rain is falling through relatively dense cloud. 
 

In the continuous-rain approximation the number flux of raindrops is constant 
with height; otherwise the drop-size distribution would vary with time.  Therefore 
the initial distribution and the distribution after distance of fall h are related by 

 
  n(R, h) u(R) = n0(R0) u(R0).               (12.4) 
 

Assuming negligible updraft speed and again employing (8.8) for the fall speed, we 
find 

                     n(R, h) = (1 – bh/R) n0 (R – bh),               (12.5) 
 

where b = ME /4ρL. 

 
   Though only coarse approximations, (12.3) and (12.5) give an indication of the 
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difference between the two idealized precipitation processes.  In effect, the results 
represent extensions of the continuous-growth accretion equations to drop 
populations. 
 
   As an example of the usefulness of these approximations, let us solve for the rate 
at which precipitation is produced in a developing shower.  The rainwater content at 
time t is given by 

                        L(t) = ∫
∞

03
4 π n(R)R3dR . 

From (12.2), for the shower process, we can express L in terms of the initial drop-size 
distribution: 

                         L(t) = ∫
∞

03
4 π n0(R0)R3dR0.

If now we use the linear fall speed assumption, R and R0 are related by (12.1) and we 
have 

                      L(t) = ∫
∞

0 0
33

000 )(
3
4 dReRRn atπ  = e3at L0, 

where  

                       L0  = ∫
∞

0 0
3
000 )(

3
4 dRRRnπ  

 
is the initial rainwater content.  Thus, if ME = 1 g/m3, for example, then a = 
2.0×10–3 s–1 and the liquid water content doubles in a time equal to (ln 2)/3a = 116 s = 
1.93 min. 
 
 
Mesoscale structure of rain 
  

Many of the roots of modern meteorology can be traced to the work of a group of 
Scandinavian researchers under the leadership of Vilhelm Bjerknes in the years 
around 1920.  This group, called the Bergen school, invented synoptic meteorology 
know it today.  In developing the theory of air masses, cyclones, and fronts, they did 
not fail to see that the spatial distribution of precipitation was associated with the 
synoptic pattern, and that the precipitation itself had a characteristic pattern on a 
smaller scale.  One of the group members, Tor Bergeron, who was later to become a 
leader in cloud microphysics, studied squall lines and other structural details of 
precipitation in relation to the fronts and cyclones.  Friedman  (1982)  may  be 
consulted for a review of the scientific accomplishments of the Bergen school. 
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   Following World War II, mainly because of the advent of radar, it has become 
possible to observe the structure of precipitation in greater detail than ever before. 
Satellites have helped to place these observations into a larger perspective, and 
improved airborne instruments for cloud physics research have filled in the 
microphysical details.  The word mesoscale was coined for meteorology to describe 
the new detail observable by radar.  This subject merits attention because much of 
the important weather that affects our activities—heavy rain, high winds, 
snowstorms—is mesoscale weather, not resolvable in the synoptic network on which 
forecasts are based.  The investigations of mesoscale precipitation structure have 
consisted of attempts to classify recurring features and of efforts to understand the 
links between dynamics and microphysics that explain the structure. 
 
   Heavy rain is often observed to be arranged in lines or bands.  Figure 12.9 is a 
radar example of showers and non-severe thunderstorms spread over a line about 400 
km long.  The line corresponds closely to the position on the surface of a stationary 
front.  Convection is triggered by the front and the echoes mark its presence. 
Depending on the airflow, stability, moisture supply, and orographic influences, rain 
may occur in advance of a front, behind it, or not at all, and it may or may not show a 
banded structure.  Convective rain can also develop in suitably unstable air without 
frontal lifting.  Not uncommonly, as it develops, the rain then becomes organized in 
bands or lines unrelated to the synoptic pattern. 

 
 

FIG. 12.9.  Showers and thunderstorms located along a stationary front oriented NE-SW. Radar 

located at National Severe Storms Laboratory, Norman, Oklahoma. Range rings at 40-km intervals. 
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These are analog data displayed on a scale of three shades. The first shade, defining the outer boundary 

of the echoes, corresponds to 20-25 dBz. The second and brightest shade extends from 25-35 dBz. The 

next interval, 35-45 dBz, is reversed to appear black. Most of the echoes along this line appear to have 

“holes”, which indicates that their core reflectivities are in the 35-45 dBz range. 

 
Mesoscale organization may exist in the form of patterns other than lines or 

bands.  Figure 12.10 is a sequence of radar maps at one-hour intervals showing the 
development of a large but compact area of heavy rain.  Initially, there is a mass of 
mixed convective and stratiform rain east of the radar.  The more intense echoes are 
aligned along the southeastern edge of this mass, but heavy rain extends over an area 
at least 200 km long and l50 km wide.  As this area moves off to the east, a line of 
new convective storms forms to the southwest.  The line moves east, while 
developing on its northern side and filling in, until at the end of the sequence it has 
about the same shape and location as the heavy rain area 6 h earlier.  The reasons for 
the shape of this pattern and the time scale of its recurrence are not known in any 
detail.  Although heavy rain was expected from the synoptic conditions, its timing 
and location, which are mesoscale considerations, could not be predicted accurately 
more than a short time in advance. 

 

 
FIG. 12.10.  Sequence of radar maps (left-to-right, from the top down) at intervals of approximately 1 

h, from 1948 to 0140 local time, June 6-7, 1979. The same display convention as in Fig. 12.9 is used, a 

staggered gray scale. In these echoes, two higher levels appear: 45-55 dBz, which is displayed dim, and 

> 55 dBz, shown bright. (Courtesy of NSSL.) 
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FIG. 12.11.  Plan view of chaotic precipitation pattern. Close inspection reveals a few small areas with 

reflectivities greater than 55 dBz. (Courtesy of NSSL.) 

 
It is wrong to think that heavy rain always has a pattern with recognizable 

structure.  Figure 12.1 is an example of mixed convective and widespread rain 
following a day of severe weather.  A short (50 km) band of intense rain is located 
l50 km south-southeast of the radar, but otherwise the pattern is chaotic, bearing no 
simple relation to the synoptic map. 

 
   In spite of the complexity of the problem there has been progress in the 
classification of mesoscale precipitation, and to some extent in understanding it.  The 
approach used is intensive case studies, in which different kinds of observations can 
be brought to bear on a particular situation.  Browning and Harrold (1969) analyzed 
the air motion and precipitation patterns associated with an occluding cyclone that 
passed over England and Wales, and presented the schematic distribution of rainfall 
types shown in Fig. 12.12.  Rain relatively uniform in pattern was located well ahead 
of the surface warm front, and there was a fairly distinct transition to showery rain 
about l50 km from the front.  Bands of showers in the warm sector were 
orographically influenced and aligned parallel to the winds at about 700 mb.  These 
bands extended ahead of the warm front, merging with smaller bands aligned with the 
front.  The low-level air ahead of the warm front was convectively unstable.  The 
changing character of the rain was a result of ascent at the surface warm front, which 
eventually triggered the instability. 
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FIG. 12.12.  Schematic diagram showing the distribution and structure of rainfall in a cyclone wave. 

The axis of the high level jet stream is shown passing directly over the Irish Sea. (From Browning and 

Harrold, 1969.) 

 
Using radar observations and raingauge records, Austin and Houze (1972) 

studied the precipitation patterns of nine New England storms covering a wide range 
of seasonal and synoptic situations.  Although at first glance quite dissimilar, all 
patterns were found to be composed of subsynoptic-scale precipitation areas with 
rather clearly definable characteristics.  These areas could be grouped into four 
categories: synoptic areas which are larger than l04 km2 and have a lifetime of one day 
or longer; large mesoscale areas which range from l03 to l04 km2, and last several 
hours; small mesoscale areas which cover 100–400 km2 with a lifetime of about an 
hour; and smaller elements which are about l0 km2 in size and last usually no longer 
than half an hour.  In all cases studied it was found that every precipitation area of 
any of these scales contained one or several of each of the smaller sized areas.  An 
investigation of the precipitation intensities within the various areas showed that the 
rainfall rates in large mesoscale areas were 2–4 times greater than those on the 
synoptic scale; that the rain rates in the small mesoscale areas were about double 
those in large mesoscale areas; and that the rain rates in the smallest elements were 
2–10 times those in the small mesoscale areas.  Although the smallest elements have 
the highest rain rates, the main contribution to the total rainfall on the synoptic scale 
comes from the small and large mesoscale areas. 

 
  Summarizing studies of this kind, Harrold and Austin (1974) noted that regions 
of heavy rain can be found in widespread rain as well as showery situations and tend 
to occur in compact groups rather than to be randomly scattered.  The groups are 
often in the form of bands, typically about 20 km wide and in well organized cases 
several hundred kilometers long.  The bands are sometimes related to frontal 
surfaces or squall lines, but need not be parallel to them.  Topographic effects, as 
well as fronts, can affect the structure and development of rain areas. 
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   Researchers at the University of Washington carried out many studies of the 
structure of cyclonic storms off the west coast of the United States in the l970s.  
They included extensive airplane observations of cloud microphysical characteristics 
along with radar and other data, to produce highly detailed pictures of storm structure, 
such as in Fig. 12.13. This work, reviewed by Hobbs (1978) and Houze (1981), has 
led to improved conceptual models of mesoscale precipitation structure, underlining 
the interactions between dynamics and microphysics.  It brings the important work 
started by Tor Bergeron up to date by application of new and better observations. 
 

 
 

FIG. 12.13.  Organization of precipitation around a cold front. (From Hobs, 1978.) 

 
Seltzer et al. (1985) sought an explanation for the formation of rainbands by 

mechanisms other than frontal lifting.  They selected for analysis 15 cases of 
rainbands in New England in which the surface low center was at least 500 km away 
from the rainband and there were no surface fronts nearby.  Figure 12.14 is a typical 
example, with a rainband oriented in the north-south direction, parallel to the shear of 
the geostrophic wind.  They assessed the possible importance of symmetric 
instability using the criterion following from (3.23), namely 
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δ ,                         (12.6) 

whereδz/δy is the slope of the isentropic surface and the right-hand side represents 
the slope of the absolute vorticity vector. 
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FIG. 12.14.  PPI radar map showing the average reflectivity factor in a layer from 2.5 to 4.0 km 

altitude at 0000 GMT, December 6, 1981. The two shades correspond to reflectivities greater than 15 

dBz and 25dBz. (From Seltzer et al., 1985.) 

 
   By writingδz/δy as )//()/( zy ∂∂∂∂− θθ , employing (3.19), and introducing 
the Brunt-Väisälä frequency from (3.14), we can change (l2.6) to 
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where η= )/( yuf g ∂∂−  is the vertical component of the absolute vorticity.  A 

further simplification can be made by introducing the Richardson number, defined by 
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2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂

z
u
N

g

, 

So that the condition for symmetric instability becomes 

                               
f
η < (Ri)–1.                        (12.7) 

 
Figure 12.15 from Seltzer et al. shows vertical profiles of (Ri)–1, potential 

temperature, equivalent potential temperature, and the component of the wind shear 
parallel to the rainband, all from a nearby atmospheric sounding.  The atmosphere is 
seen to be stable for both dry and moist adiabatic ascent.  The airflow was such that  
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the relative vorticity was much smaller than f, so that η/ f ≈  1 at all altitudes.  The 
criterion (l2.7) therefore indicates that the layer between 4 and 6 km, where Ri < 1, is 
symmetrically unstable. 
 

 
 

FIG. 12.15.  Vertical profiles of (a) reciprocal of the Richardson number, (b) potential temperature, (c) 

equivalent potential temperature, and (d) the magnitude of the wind shear parallel to the rainband. 

(From Seltzer et al., 1985.) 

 
Seltzer et al. showed that the condition for symmetric instability was satisfied in 

all 15 cases analyzed, and that the predicted orientation and spacing of the rainbands 
agreed with observations.  Their findings are consistent with the analysis of Bennetts 
and Sharp (1982), who determined that the growth rate of symmetric instability is a 
good predictor of banded precipitation.  The evidence therefore indicates that 
symmetric instability may be responsible for the formation of midlatitude rainbands 
that are not related to frontal lifting or topographic effects. 
 
 
Precipitation efficiency 
 

Clouds provide the intermediate step in converting atmospheric water vapor to 
precipitation.  Not all rainclouds are equally effective in accomplishing this 
conversion.  Small cumulus clouds, for example, often grow rapidly but begin to 
dissipate just as precipitation develops.  Consequently much of the cloud water is not 
converted to precipitation but remains aloft, eventually to evaporate.  For a different 
reason many stratiform clouds are also ineffective in producing precipitation. 
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Although they may last for hours, they have neither the high liquid water contents 
which favor coalescence nor the cold temperatures needed to initiate the ice crystal 
process.  Therefore little precipitation occurs even though the cloud may be 
supercooled aloft, and hence microphysically unstable with respect to the ice crystal 
process.  The concept of precipitation efficiency has been used to describe, from 
several points of view, how effectively a cloud converts either vapor or condensed 
material to precipitation. 

 
   Braham (1952) determined the water budget of small thunderstorms by analyzing 
extensive data on clouds in Florida and Ohio.  For the average inflow of water vapor 
into these storms he found 8.9 × 108 kg.  Of this amount, 5.3 × 108 kg is condensed; 
the remainder leaves the storm without condensing.  Of the water that condenses, 
only about 108 kg reaches the ground as rain.  The rest evaporates in the downdraft 
or at the sides of the cloud.  The precipitation efficiency may be defined as the ratio 
of the mass of rain reaching the ground to the mass of vapor entering the cloud.  
With this definition the efficiency is only 11%.  If the efficiency is defined as the 
fraction of condensed water that ultimately reaches the ground, it becomes 19%, a 
figure often quoted for thunderstorms. 
 
   Wexler (1960) defined the precipitation efficiency somewhat differently, as the 
ratio of the amount of precipitation that falls to the water made available by 
condensation in pseudoadiabatic ascent.  He found that the most efficient clouds in 
this sense are cumulus embedded in widespread stratus. 
 
   Looking at precipitation efficiency from the microphysical point of view, Hardy 
(1963) made calculations with different forms of the raindrop size distribution N(D) to 
determine which were the more effective in depleting (sweeping out) the cloud 
droplets.  He concluded that steep distributions [large values of Λ  in the 
exponential formula (10.1)] were the most effective in this sense.  From radar 
observations in Hawaiian orographic rain, which is characterized by numerous small 
drops, Rogers (1967) found support for Hardy’s idea, noting that the exceptionally 
rapid decrease of reflectivity with height implies efficient sweepout. 
 
   The sweepout efficiency was examined by Houghton (1968) in an appraisal of 
schemes for artificial precipitation modification. He defined the efficiency S by 
 

∫= dDDVDDNS )()(
4

2π                      (12.8) 
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where the integration extends over all drops, assumed spherical.  Physically, S is the 
fraction of a unit horizontal area in the cloud that is geometrically swept out by 
precipitation particles in unit time.  From data on drop-size distributions, Houghton 
determined that to a good approximation S ∝  R.  He found that the “scavenging” is 
incomplete for rain-showers, which is one cause of their low precipitation efficiency 
(Braham’s 19%).  With regard to the feasibility of modifying precipitation, 
Houghton concluded that owing to the inefficiency of showers opportunities exist for 
stimulating rain by cloud seeding, but these opportunities occur only under certain 
specific conditions and at particular times. 
 
 
Acidic precipitation 
   

Mounting concern over the apparent widespread environmental effects of acidic 
precipitation has focused attention on the long neglected subject of atmospheric 
chemistry.  In broad outline, the formation of acidic precipitation is understood to 
consist of the following steps: 

 
1. Emission into the atmosphere of acid precursors, mainly oxides of sulfur and 

nitrogen, species that occur naturally but also as by-products of fuel combustion 
and other industrial activities. 

2. Transport of the pollutants by atmospheric motions. 
3. Transformation of the pollutants by chemical and physical processes, such as 

oxidation, hydrolysis, and coagulation. 
4. Deposition of the pollutants on the earth’s surface in precipitation as a dilute 

solution of sulfuric and nitric acid. 
 
Clouds are an important link in the so-called “acid rain” phenomenon not only 
because they are the source of the precipitation, but also because they are the medium 
in which major reactions occur that lead to the formation of acidic substances. 
 
   A common measure of the acidity of a solution is the hydrogen ion concentration, 
usually expressed in terms of pH = log (1/[H+]) where [H+] is the hydrogen 
concentration in moles per liter.  Pure water has a pH of 7. If acid is added, the 
hydrogen content will increase and the pH will therefore decrease.  Natural cloud 
water and precipitation reaches an equilibrium with atmospheric carbon dioxide to 
form weak carbonic acid with pH = 5.6 at sea level.  By convention, precipitation 
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with pH < 5.6 is designated acidic.  Naturally occurring sulfate (SO2), reacting with 
trace gases, tends to reduce the pH even further, so 5.0 might be a more appropriate 
“background” against which to look for pollution effects.  The natural background is 
actually highly variable, depending on the presence of local sources of chemically 
active materials, such as basic soil particles, which can affect the acidity of 
precipitation.  Two large areas of the world have precipitation with average pH 
values less than 5 and core values near 4.  These are located over western Europe 
and eastern North America.  Both are in or just downwind of major industrial areas 
that together account for about one-third of the total of man-made emissions. 
Non-acidic precipitation, with pH values ranging as high as 7.5, is reported for large 
continental interiors and remote Arctic locations.  However, for reasons unknown, 
some sites far from obvious pollution sources have pH values as low as about 4.5. 
 
   Two chemical pathways are recognized whereby sulfur dioxide and oxides of 
nitrogen can be transformed to acidic precipitation.  Both require oxidation as a step 
in the formation of highly soluble acids.  One path consists of gas-phase oxidation 
followed by uptake in cloud or rainwater.  The other consists first of dissolution of 
the gas followed by aqueous-phase oxidation.  These reactions are strongly 
influenced by the presence of oxidizing trace gases such as ozone (O3) and hydrogen 
peroxide (H2O2).  Atmospheric ammonia (NH3) in trace amounts tends to neutralize 
the acidity somewhat. 
 
   Gas-phase reactions can lead to the formation of gaseous sulfuric acid (H2SO4), 
which readily converts to an aerosol form by combining with existing aerosols or by 
nucleating with water vapor.  Nitric oxide (NO) rapidly oxidizes to nitrogen dioxide 
(NO2) in the presence of trace amounts of O3.  Gas-phase oxidation of NO2 then 
leads to nitric acid gas, HNO3, which is quickly taken up by the liquid water in clouds 
to form aqueous nitric acid. 

 
The aqueous-phase path is potentially important because a cloud of liquid 

droplets is a favorable medium for aqueous reactions with gases.  The significant 
feature of clouds is that the water is highly dispersed, and hence presents a high 
surface-to-volume ratio for the uptake of acidic species.  This can lead to high 
concentrations when gaseous species are dissolved in the water.  Laboratory studies 
indicate that the most significant aqueous-phase reactions are the oxidation of SO2 by 
H2O2 and O3.  The rate of reaction with O3 is self-limiting and becomes unimportant 
when the pH is below about 4.5.  The reaction with H2O2 is therefore thought to be 
an explanation of the production of cloud and rainwater having pH < 4.5. 
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  Some of the outstanding questions in atmospheric chemistry concern the rates of 
production and destruction of the trace gases.  For example, hydrogen peroxide 
appears to be necessary for the aqueous-phase oxidation leading to H2SO4, but it is 
consumed by this process.  Evidently the H2O2 is produced by gas-phase reactions 
that require the hydroxyl radical (OH), itself a photochemically produced trace 
species.  Cloud models are being developed that include the coupled chemistry of 
trace gases with the processes of droplet growth and precipitation development.  An 
important area of research is the coordination of modeling efforts with experimental 
investigations of emissions, transports and cloud chemistry.  Recommended reviews 
of this complex subject are those of Summers (1982), Morgan (1982), and Schwartz 
(1987). 
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Problems 
 
12.1.  The sweepout efficiency of a single precipitation particle may be defined as 

the volume of space that it geometrically sweeps out per unit time.  Compare 
the sweepout efficiency of a graupel particle with that of a small raindrop 
having the same mass.  For graupel, assume the relations between mass, 
radius, and terminal fall velocity as given in problem 10.2.  For the raindrop, 
assume the linear fall speed relation, u(r) = k3r, where k3 = 8 × 103 s–1. 

 
12.2.  In a rapidly developing cumulonimbus cloud, the radar echo is observed to 

appear simultaneously over a deep interval of altitude.  For the particular 
radar used, the initial echo is caused by the formation of drizzle-size drops.  
As the cloud continues to develop, these drops grow rapidly by sweeping out 
cloud droplets, and the radar echo strengthens at all levels. 

        Calculate the time required for the signal to increase by l0 dB.  Make the 
following assumptions: 
(1) Cloud liquid water content M is constant at 5 g/m3. 
(2) All the precipitation growth is by the collection of cloud droplets; there is 

no growth by diffusion or by coalescence among the raindrops. 
(3) The effective average collection efficiency is 0.5. 
(4) Raindrop fall speed may be approximated by the linear formula of problem 

12.1. 
(5) Raindrops account for the reflectivity; the contribution of cloud droplets is 

negligible. 
(6) Breakup effects are negligible. 
 

12.3.  The vertical gradient of reflectivity in stratiform rain gives an indication of the 
      extent to which raindrops are growing by sweeping out cloud droplets.  A 

strong decrease of Z with height (or increase with distance fallen) indicates 
rapid accretional growth. 

        In the lowest 1 km of nimbostratus cloud, the raindrops are growing by 
accreting cloud droplets.  The effective cloud liquid water content (the 
product of E times M) equals 2 g/m3.  Using the elementary form of the 
continuous growth equation, show that the reflectivity increases by 
approximately 19 dB in the lowest kilometer of the cloud.  Solve also for the 
fractional increase of rain liquid water content, L, in the lowest kilometer of 
the cloud.  Make the following assumptions: 
(1) steady-state process; 
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(2) zero updraft velocity; 
(3) drop growth by accretion only; 
(4) linear fall speed dependence appropriate for small raindrops; 
(5) raindrop size distribution at 1 km above cloud base of Marshaill-Palmer 

form corresponding to R = 0.l mm/h. 
 
12.4.  As an index to the efficiency of precipitation growth by accretion, H. G. 

Houghton (1968) considered the total fraction of a unit horizontal area in a 
cloud that is geometrically swept by the precipitation particles per unit time. 
Derive an expression for this efficiency as a function of rainfall rate for the 
following precipitation model: 
(1) Drop-size distribution of the general exponential form N(D)= N0 exp(–bD) 

with N0 a constant equal to 0.08 cm–4 and b a parameter depending on the 
rate of rainfall. 

(2) Terminal velocity related to size by u(D) = kD, with k = 4 × 103 s–1. 
(3) Zero vertical air velocity. 
Evaluate this expression for a rainfall rate of 10 mm/h. 
 

12.5.  Develop an expression for the rate at which cloud water content M is depleted 
by rain-collection.  As in problem 12.4, assume a general exponential form, 
of N(D) and the linear dependence of fall speed on drop size.  Show that in a 
stagnant cloud, that is, one in which there is no vertical air motion and no 
change in cloud water content except by rain-collection, falling at a steady 
state of 10 mm/h for 5 min will reduce M to approximately 45% of its original 
value. 

 
12.6.  In the theory of the radar bright band, one of the effects considered is the 

increase of reflectivity within the melting layer caused by condensation on the 
surfaces of the melting snowflakes.  Show that approximately 60 g of water 
is condensed for each kilogram of snow that melts. 

 
12.7.  From a large sample of radar echoes at an altitude of 2 km in the vicinity of 

Montreal, a systematic relationship was found between the average echo size 
and the core reflectivity.  The mean area of echoes defined by reflectivity 
threshold ζ  (in dBz) that contain interior reflectivities as strong asζ i 
(dBz)is given approximately by 

                           Aζi (ζ) = A0 exp(λζi – γζ), 
where γ = 0.15 (dBz)–1, λ = 0.14 (dBz)–1, and A0 = 150 km2.  This 
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approximation is valid for ζ between 15 and 50 dBz and forζi  between 30 
and 50 dBz; it only has meaning ifζ<ζi. 
  Assume that the reflectivity factor is related to rainfall rate by  

Z = 200 R1.6. 
Use the defining equation forζ, 

                        ζ= 10 log10 Z (mm6/m3) 

and solve for the area-average rainfall rate R  in the echoes, in terms of Rmin 
and Rmax, where Rmin is the rain rate corresponding toζand Rmax is the rain 
rate corresponding toζi.  Forζ= 20 dBz andζi  ranging from 30 to 50 dBz, 

show that R  is within 40% of the value 2 mm/h. 
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