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1. INTRODUCTION

Precipitating clouds are important in the global circulation and climate
because they interact strongly with large-scale motions through latent-heat
release, cloud-scale vertical air motions, and in-cloud radiative transfer.
From a local perspective, precipitation is important because it is often de-
pended upon as a source of water and, at the same time, poses a forecasting
problem because it may arrive in storms, which are sporadic, difficult to
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FiG. 1. Globally averaged annual precipitation. Types of cloud systems associated with peaks
are indicated. Adapted from Sellers (1965).

predict, and sometimes violent. An understanding of the storms producing
precipitation is therefore desired both for facilitating detailed local weather
forecasts, on time scales of 1-10 hr, and for improving longer term regional
and global climatic predictions through realistic parameterizations of the
effects of storm clouds in large-scale models, Improvements in both types
of forecasts should lead to better management of water as a resource.

Basic understanding of atmospheric precipitation processes has been
elusive because the scales of phenomena involved in precipitation devel-
opment cover a wide range, extending well below the minimum temporal
and spatial scales resolvable with standard meteorological observations.!
This fact necessitates the use of numerical models of clouds and the mount-
ing of special field experiments in which meteorclogical radars and instru-
mented aircraft are deployed to observe the smaller scale processes. In the
past 35 years, beginning with the Thunderstorm Project (Byers and Braham,
1949), many field experiments involving radar and aircraft have been con-
ducted over diverse parts of the earth. During recent years, numerical mod-
eling of clouds has also become quite sophisticated. As a result, considerabie
knowledge has been accumulated on the organization and structure of
storms with which precipitation is associated.

! Hobbs (198 1a) points out that the phenomena involved in the development of precipitation
range from the nucleation of cloud particles to the scale of baroclinic waves. In terms of spatial
scales this range involves fifteen orders of magnitude, which is the same as the range of scales
involved in comparing the linear dimensions of the earth with that of the Milky Way!
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In this article, we review this knowledge, emphasizing precipitating cloud
“gystems,” which contribute the bulk of precipitation over the carth. Most
precipitation occurs in storms that are 20-2000 km in horizontal dimension
(the meso-3 through meso-« scale ranges of Orlanski, 1975, and Hobbs,
1681a). Small showers may greatly outnumber larger precipitating cloud
systems, but these do not contribute significantly to total precipitation
(Lépez, 1978; Simpson et al., 1980; Houze and Betts, 1981). Therefore, the
cloud systems that we consider in this article are all in the mesoscale size
range. Besides implying large size, the term sysfem is fitting because, as we
shall see, the mesoscale storms accounting for most precipitation have com-
plex internal structures. For example, meso-«a frontal clouds contain meso-
B rainbands, which in turn contain smaller structures, whereas meso-§ thun-
derstorms group together to drive meso-a circulations, and so on.

Precipitation occurs over the globe in three major latitude belts (Fig. 1).
The midlatitude maxima of the Northern and Southern Hemispheres are
essentially mirror images of each other and are accounted for by cloud
systems associated with extratropical frontal cyclones and midlatitude thun-
derstorms. The equatorial maximum is accounted for mainly by rainfall
from tropical cloud clusters and, to some extent, by hurricanes and smaller
scale convection. The remainder of this article is organized around the
major precipitating cloud systems of each latitude belt. Extratropical cy-
clones are described in Section 2, midlatitude convective systems in Section
3, and tropical cloud systems in Section 4.

2. EXTRATROPICAL CYCLONES
2.1. Introductory Comments and Historical Perspective

As noted in Section 1, many of the distinctive cloud patterns seen in
satellite photographs of the earth are associated with extratropical cyclones
{“cyclones,” for short). Cyclones dominate the weather in midiatitudes and
are the familiar systems followed on daily weather maps. They are char-
acterized by “fronts” that curve outward for thousands of kilometers from
the low-pressure centers of the storms, Upward air motions associated with
these fronts (Fig. 2), and the clouds and precipitation that form in response
to these air motions, coincide in broad outline with the patterns of the fronts
(Fig. 3).

The regular occurrence of different types of clouds, precipitation, and
other weather in various regions of cyclones has been recognized since the
earliest days of synoptic meteorology (see, for example, the work of Aber-
cromby, 1887). The classical picture of the large-scale structure and life
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cycle of cyclones was developed by the Bergen school in the early 1500s
(e.g., Godske et al., 1957), and their models are still widely accepted. The
Bergen school introduced the concepts of “warm,” “cold,” and “occluded”
fronts. In this model (Fig. 2) the clouds and precipitation associated with
warm fronts are depicted as being essentially uniform and produced by the
slow, widespread uplifting of the warm-sector air as it rides up over denser,
colder air, Precipitation diminishes appreciably, and may be absent, in the
warm sector which follows the passage of the warm front. At the cold front,
the undercutting of the warm-sector air by denser air of polar origin can
produce heavy, convective precipitation. Behind the cold front, the weather
is bright with scattered convective showers. The classical model depicts an
occluded front as resulting from the cold front’s “catching up” and merging
with parts of the warm front. The reader is referred to Palmén and Newton
(1969) for detailed descriptions of the larger scale aspects of cyclones.
The organization of clouds and precipitation on the mesoscale, and the
meso- and microphenomena that lead to precipitation in cyclones, are not
discussed in detail in the classical Bergen model. This is not surprising, since
at the time this model was being developed observational facilities suitable
for detailed studies of subsynoptic features were not available, Before turning
to a description of our current understanding of the mesoscale and mi-
croscale structure of cyclones and the mechanisms leading to the production
of precipitation in these storms, we will give a brief review of earlier work
that has provided the foundation for recent progress in understanding.
An important advance in understanding the microphysical processes lead-
ing to the formation of precipitation in cyclones was made by Bergeron
(1935), who proposed that most (if not all) precipitation particles in these
storms originate as ice crystals in clouds. According to this hypothesis, ice
crystals are nucleated in a much larger population of supercooled droplets
at temperatures below about —10°C. Since the saturation vapor pressure
in a mixed cloud which is dominated by supercooled droplets is significantly
in excess of ice saturation, the ice crystals grow rapidly by deposition from
the vapor phase and may reach sufficient size to fall out as precipitation.
Another major advance in the study of clouds and precipitation processes
in cyclones occurred in the early 1950s as a result of the increasing use of
radars in meteorological studies. The common occurrence in cyclones of
radar “bright bands” just below the melting level (produced by snow melting
to rain) confirmed the importance of ice particles in the production of
precipitation. As the resolving powers of radars were improved, increasingly
finer details became apparent in the precipitation patterns. First, the pre-
cipitation was observed to be nonuniform, particularly aloft, even ahead
of warm fronts. Second, “mare’s tails,” or streamers of snow, produced by
the continuous formation of snow crystals in “generating cells” aloft, were
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often observed in radar displays. The reader is referred to the work of
Marshall and Gordon (1957) for a review of these early radar studies.

One of the earliest coordinated aircraft-radar studies of cyclones was
carried out by Cunningham (1951}, who made several flights through a deep
cyclone in Massachusetts. The structure of the clouds was found to be quite
heterogeneous, even in the warm-frontal region where, according to the
Norwegian model, the slow, uniform ascent of air should have produced
fairly uniform cloud layers. In addition to the growth of ice particles in
upper-level generating cells, growth of ice particles by coagulation at lower
levels and the growth of raindrops by coalescence below the melting level
were found to be important in different regions of the cyclone.

In the 1960s and early 1970s, attention was focused on studies (mainly
involving radar and/or serial rawinsondes) of the organization of precipi-
tation on the mesoscale in cyclones. Nagle and Sercbreny (1962) identified
the basic pattern of rainbands in frontal systems approaching the West Coast
of the United States. Elliott and Hovind (1964), in studies of fronts off the
coast of California, identified organized bands of convective precipitation,
some 35-70 km wide and 55-100 km apart, embedded within general fron-
tal precipitation. From rawinsonde data, Elliott and Hovind (1965) also
deduced that the frontal structure included several important subsynoptic
features. The warm-frontal region consisted of alternating tongues of warm,
moist air and cold, dry air, The wavelength of this alternating pattern was
about 200~300 km, and the bands of prefrontal convection generally oc-
curred within the warm, moist tongue closest to the occluded front. Potential
instability in the frontal lifting zone was maintained by cold advection aloft.

Kreitzberg (1964) studied Pacific cyclones entering Washington State by
combining the use of serial rawinsondes and a vertically pointing radar. He
concluded that the vertical motions are much more complex than is sug-
gested by the Bergen model, that certain recurring mesoscale features are
observable, and that on the mesoscale the frontal zones (particularly the
warm front) are composed of multiple subzones. Kreitzberg noted that in
occlusions? air of lower moist static energy arrives in a series of pulses (called
“prefrontal surges”) ahead of the occlusion. Associated with cach prefrontal
surge is a region of vertical air motions and associated precipitation. Kreitz-

2 Frontal systems entering the West Coast of the United States often are presented on an-
alyzed weather maps as occlusions, and their structures bear some resemblance to classical
occluded fronts. Often, however, these frontal systems do not evolve by the classical occlusion
process postulated by the Bergen school. Instead, they may form discontinuously as so-called
instant occlusions. This process is not well understood. In this paper we are not concerned
with the process by which an *“occlusion” forms, but rather with the structure and organization
of precipitation processes once the larger storm has developed. We use the term occlusion
loosely, to refer to these frontal systems regardless of their origin.
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berg and Brown (1970) found that most of the widespread precipitation
associated with cyclones in New England occurs in mesoscale bands and
groups of showers. A subsynoptic core of cold, dry air in the middle tro-
posphere, ahead of a surface occlusion, was found to suppress widespread
cloudiness in the upper regions of the cyclone but to furnish potential in-
stability lower down.

Nozumi and Arakawa (1968) made an extensive study, using radar, of
cyclones in Japan. In 82% of the cyclones studied, one or more mesoscale
bands of precipitation were detected in the warm sector.

Austin and Houze (1972) used quantitative radar measurements and a
network of precipitation gauges to study the organization of precipitation
in cyclones in New England. They found that the precipitation patterns
consistently displayed a hierarchical organization, in which small (~10- 10?
km?) and large (~10°~10* km?”) mesoscale precipitation areas, each con-
taining convective cells, were embedded in the general cyclonic rain shield.

The studies outlined above showed that considerable substructure exists
within the basic frontal precipitation patterns associated with cyclones, and
that “‘mesoscale rainbands” are a major feature of this substructure. Detailed
studies of rainbands in cyclones have been carried out in the British Isles
by K. A. Browning and his co-workers and in the Pacific Northwest by
P. V. Hobbs and his co-workers. The results of these studies, which we will
now summarize, have synthesized much of the early work on the meso-
structure of cyclones and provided new insights into cloud and precipitation
Processes.,

2.2. Classification of Rainbands in Cyclones

The principal types of rainbands (or “bands,” for short) observed in
cyclones, and their positions in relations to fronts, are shown in Fig. 4. The
types are:

Type 1. Warm-frontal bands. These bands occur within the leading por-
tion of the frontal system, where warm advection occurs through a deep
layer, and they have orientations similar to that of the warm front. These
bands are typically about 50 km wide. They may be located ahead of the
warm front {Type la), coincide with a surface warm front (Type 1b), or
simply have an orientation similar to that of a warm front even though no
well-defined warm front can be seen in standard thermodynamic or
wind data.

Type 2. Warm-sector bands. These bands are in the warm sector and are
oriented parallel to the surface cold front. They are typically up to about
50 km wide.
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FIG. 4. Schematic depiction of the types of rainbands (numbers 1-6) observed in extratropical
cyclones. From Hobbs (1981b).

Type 3. Wide cold-frontal bands. These bands are oriented parallel to the
cold front. They are about 50 km wide and either straddle or are behind
the surface cold front. In the case of occlusions, they are associated with
the cold front aloft.

Type 4. The narrow cold-frontal band. This type of band differs markedly
from the other types of bands. It is very narrow (~35 km) and coincides
with the position of the cold front at the surface.

Type 5. Prefrontal, cold-surge bands. These bands are associated with the
surges of cold air ahead of the cold front, of the type described by Krejtzberg
(1964). Otherwise these bands are essentially the same type of feature as
the wide cold-frontal bands.

Type 6. Postfrontal bands. These bands are lines of convective clouds
that form well behind and generally parallel to the cold front.

In addition to the above are smaller, wavelike rainbands that occasionally
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are superimposed with the other rainbands (Houze et al., 1976b; Matejka
et al., 1980; Parsons and Hobbs, 1982b). Unbanded mesoscale patterns of
convective clouds, sometimes organized into roughly hexagonal-shaped
cells, occur in the maritime polar air well behind the cold front.

Although the full classification of rainbands described above is based on
observations in the Pacific Northwest (Houze et al., 1976b; Hobbs, 1978;
Matejka er al., 1980), it is consistent with observations of rainbands in the
United Kingdom (Browning and Harrold, 1969, 1970; Browning et al.,
1973, 1974; Harrold, 1973; Browning and Pardoe, 1973; Harrold and Aus-
tin, 1974), and in the northeastern United States (Cunningham, 1951;
Boucher, 1959; Austin and Houze, 1972). It is also consistent with obser-
vations made in subtropical oceanic cyclones near Japan (Nozumi and
Arakawa, 1968). There is, therefore, good reason to believe that the picture
in Fig. 4 is representative of the inherent mesoscale organization of precip-
itation in extratropical cyclones.

It should be noted that not all of the rainbands shown in Fig. 4 are
necessarily present in any one cyclone. Note also that the observed sequence
of bands will be dependent on the location of the observer with respect to
the large-scale features of the cyclone.

In the following sections we describe, in more detail, what is known about
the mesoscale features depicted in Fig. 4. In cach case we present infor-
mation, insofar as it is available, on the air motions within the rainband,
the substructure of the rainband, the precipitation-producing mechanisms,
and the dynamic processes responsible for the formation of the band.

2.3. Warm-Frontal Rainbands

Warm-frontal rainbands arise when precipitation becomes enhanced in
mesoscale regions embedded within the large area of cloudiness and strat-
iform precipitation produced by the widespread lifting associated with warm
advection in the leading portion of the cyclonic system, Shown in Fig. 5
is a schematic which summarizes information on the structure of warm-
frontal rainbands and the processes by which precipitation is formed in
these rainbands. There is considerable observational evidence that the pre-
cipitation within these rainbands involves “seeding” from above by ice
particles (Cunningham, 1951; Plank et al., 1955; Browning and Harrold,
1969; Houze et al., 1976a, 1981b; Hobbs and Locatelli, 1978; Herzegh and
Hobbs, 1980; Matejka ef al., 1980). The ice particles are nucleated in groups
of generating cells aloft, where they grow to precipitable size, probably by
a combination of vapor deposition and riming (i.e., collecting supercooled
water droplets). They then fall through stratiform cloud below, where they
continue to increase in mass by deposition, aggregation, and riming. In this
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F1G. 5. Model of a warm-frontal rainband shown in vertical cross section. The structure of
the clouds and the predominant mechanisms for precipitation growth are indicated. Vertical
hatching below cloud bases represents precipitation: the density of the hatching corresponds
qualitatively to the precipitation rate. The heavy broken line branching out from the front is
a warm-frontal zone with convective ascent in the generating cells. Ice particle concentrations
(ipc) are given in numbers per liter; cloud liquid water contents (Iwc) are in g m~?. The motion
of the rainband in the figure is from left to right. From Hobbs (1978) and Matejka er al. (1980).

type of rainband, riming growth is usually small, whereas growth by de-
position can be very important. It should be noted that whereas aggregation
(which may be particularly important near the melting level) can have an
appreciable effect on particle fall speeds, it can not change precipitation
rates. The streamers of ice originating from individual generating cells give
rise to enhanced precipitation rates over small mesoscale regions within
each warm-frontal rainband. These regions account for the small mesoscale
areas and cells identified in these rainbands by Austin and Houze (1972)
and Hobbs and Locatelli (1978).

Although seeding from above appears to play a crucial role in enhancing
precipitation in warm-frontal rainbands, typically only 20-35% of the total
mass of precipitation reaching the ground originates from the “seeder” zone.
The remaining 65-80% originates in the “feeder” clouds below, although
the ice particles from above are needed to collect this mass (Cunningham,
1951; Herzegh and Hobbs, 1980; Houze et al., 198 1b). There is also evidence
that in some cases the feeder clouds are enhanced by nonconvective me-
soscale lifting and that on occasion this lifting is sufficient to increase pre-
cipitation rates through liquid-phase processes alone {Herzegh and Hobbs,
1980; Houze et al., 1981b). The “seeder-feeder” process in warm-frontal
rainbands has been quantitatively reproduced in a numerical model de-
scribed by Rutledge and Hobbs (1982).
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qualitatively to the precipitation rate. Open arrows depict airflow relative to the rainbands;
B, is wet-bulb potential temperature. Ice particle concentrations (ipc) are given in numbers
per liter; cloud liquid water contents (Iwc) are in g m™>. The motion of the rainbands in the
figure is from left to right. From Hobbs (1978) and Matejka er al. (1980).

Since the generating cells associated with warm-frontal rainbands are
often located in potentially unstable layers, it is evident that they are pro-
duced by the lifting of these layers to release their instability. Potentially
unstable air above warm fronts tends to arrive behind tongues of warm,
moist air that branch out from the warm front (Kreitzberg, 1964), and it
has been noted (Kreitzberg and Brown, 1970; Matejka et al., 1980) that
warm-frontal rainbands are associated with such branches (Fig. 5).

Questions remain about the source of the potential instability and the
mechanism for its release. Air-trajectory analysis indicates that layers of
potential instability above warm fronts in extratropical cyclones may some-
times originate in the potential instability of the subtropical air mass (Houze
et al,, 1976a). Alternatively, the potential instability may be generated by
differential advection in the middle troposphere (Elliott and Hovind, 1964;
Harrold, 1973). A third possibility that has been suggested is that the gen-
erating cells form when a layer of moist tropospheric air overrun by dry
stratospheric air is lifted and becomes saturated (Wexler and Atlas, 1959).

Lindzen and Tung (1976) have investigated the ducting of gravity waves
in a statically stable layer that is bounded above by an unstable or neutral
layer. They find that mesoscale gravity waves can propagate under these
conditions, and they propose that vertical motions associated with these
waves may initiate warm-frontal rainbands. These vertical motions could
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produce rainbands either by promoting the release of instability in the po-
tentially unstable layer above the duct (i.c., by producing a mesoscale seeder
zone with a high concentration of generating cells) or by creating a denser
feeder cloud at lower levels as a result of the increased lifting and conden-
sation on the mesoscale. This mechanism has appeal because the stratifi-
cation required by the theory is similar to that observed and the theoretical
wavelengths and phase speeds are similar to those measured for warm-
frontal rainbands (Parsons and Hobbs, 1982b). To prevent undue disper-
sion of the energy of the waves, it is necessary that the wind at some
altitude within the unstable or neutral region be about equal to the veloc-
ity of the wave. The latter requirement implies a “steering level” for rain-
bands, at an altitude which also agregs with observations (Hobbs and
Locatelli, 1978).

Symmetric instability is another possible mechanism for lifting in baro-
clinic zones where rainbands occur (Bennetts and Hoskins, 1979). The
alignment of rainbands along the direction of the thermal wind, their spac-
ing, and the stable lifting needed to releasc potential instability, indicate
that symmetric instability, modified by moisture, could be responsible for
the generation of warm-frontal rainbands.

2.4. Warm-Sector Rairnbands

The vigor and intensity of warm-sector rainbands varies considerably. In
their most vigorous form, they may take the form of prefrontal squall lines.
The less vigorous warm-sector rainbands often show similarities to squall
lines; more work is needed to distinguish clearly the weaker and stronger
cases. In the present discussion we will describe the weaker warm-sector
bands. Midlatitude squall lines are treated in Section 3.5.

Figure 6 summarizes some of the dominant features of the weaker type
of warm-sector rainbands. In contrast to the warm-frontal bands, which are
primarily stratiform, with shallow embedded convective cells aloft, the
warm-sector bands can contain deep convective cells, extending vertically
through the full depth of the rainband. These bands are fed by boundary-
layer convergence concentrated at a surface gust front, similar to those of
squall lines.

As depicted in this figure, rainbands often occur in series, with the youn-
ger, more vigorous bands preceding the older bands. The clouds of younger
rainbands are strongly convective, containing relatively high concentrations
of supercooled cloud water, but low concentrations of ice. Growth of ice
particles by riming is an important feature of these bands. However, the
older, less intense bands are dominated by ice particles, which continue to
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grow by aggregation. The heavy riming (including graupel formation and
growth) that occurs in the young active warm-sector bands is in marked
contrast to the slight riming and predominance of vapor deposition and
aggregation in the more stratiform warm-frontal bands.

[n some warm-sector bands, seeder—feeder processes can be involved in
the growth of the precipitation. In one case, 10-20% of the mass of pre-
cipitation from the rainband originated in the seeder zone, and 80-90% in
distinct regions below the seeder zone. One of these regions was a zone of
deep, vigorous convection in which 50-60% of the mass of precipitation
developed. The other region consisted of stratiform cloud, which served as
a feeder zone, in which 30-40% of the total mass of precipitation developed.
The precipitation efficiencies in the convective and stratiform regions were
~40 and ~80%, respectively (Hobbs er al., 1980). More work is needed
to understand the difference between this type of warm-sector band and the
deep convective type.

Warm-sector rainbands may be associated with internal gravity waves
that propagate away from the cold front. During their initial stages of for-
mation, positive feedbacks involving moisture may be important (Parsons
and Hobbs, 1982b). Possible mechanisms for formation of the gravity waves
are geostrophic adjustment (Ley and Peltier, 1978) and frontal convection
(Ross and Orlanski, 1978). At large distances from the cold front, ducting
of internal gravity waves (Lindzen and Tung, 1976) is possible and may
explain the maintenance of warm-sector rainbands. Other possible mech-
anisms for maintaining warm-sector rainbands include wave-CISK (Lind-
zen, 1974; Raymond, 1975), forced symmetric instability (Bennetts and
Hoskins, 1979), and the release of potential instability (Kreitzberg and Per-
key, 1976, 1977),

2.5. Wide Cold-Frontal Rainbands

Wide cold-frontal rainbands occur when lifting over the cold-frontal sur-
face is enhanced by several tens of centimeters per second over horizontal
distances of several tens of kilometers. Structurally they resemble warm-
frontal rainbands. Release of potential instability in the form of generating
cells occurs aloft. Ice crystals that form in these cells grow as they fall through
lower cloud layers to give rise to rainbands (Hobbs, 1978; Matejka er al.,
1980; Hobbs et al., 1980), as depicted schematically in Fig. 7. Since the
steering level of these rainbands is located at the height of the generating
cells, they can move faster than the surface cold front.

As in the case of warm-sector rainbands, those wide cold-frontal rain-
bands in which a seeder-feeder mechanism operates have a high (~100%)
precipitation efliciency (Hobbs and Matejka, 1980).
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Symmetric instability (Bennetts and Hoskins, 1979) is a likely mechanism
for the formation of wide cold-frontal rainbands. The predictions of this
theory, with respect to the location, movement, and spacing of rainbands,
are in good agreement with observations (Parsons and Hobbs, 1982b).

2.6. The Narrow Cold-Frontal Rainband

The narrow cold-frontal rainband occurs at the leading edge of a cold
front, where converging air produces a narrow {~5 km wide) updraft. Air
may ascend in this updraft at a velocity of a few meters per second directly
above the windshift at the surface when the cold front reaches the ground,
or above the cold-frontal passage aloft in a warm-type occlusion (see Figs.
4 and 7). The cloud towers associated with the updraft may penetrage the
larger cloud shield associated with the cold front (as shown in Fig. 7), but
more commonly they do not. The source of moisture in the updraft is a
low-level, southerly jet situated just ahead of the cold front, onto which the
easterly moving cold front continually encroaches (Browning and Harrold,
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1970; Hobbs et al., 1980). The updraft typically forms a coupled system
with a downdrafl, the latter coinciding with the heavy precipitation (~ 100
mm hr ') associated with the narrow cold-frontal rainband (Fig. 7).

The cloud band associated with the updraft in the narrow cold-frontal
rainband contains large amounts of liquid water, but relatively low ice-
particle concentrations. Consequently, the ice particles grow primarily by
riming. The particle concentrations are high (~ 100 liter™')in the downdraft.
Precipitation aloft consists of rimed aggregates of ice particles. Graupel and
hail may form in these bands.

The heaviest precipitation in the narrow cold-frontal rainbands is orga-
nized, on the small mesoscale, into ellipsoidal areas oriented at angles of
30-35° to the synoptic-scale cold front (Hobbs, 1978; James and Browning,
1979; Hobbs and Biswas, 1979; Hobbs and Persson, 1982). Hobbs and
Biswas refer to these areas as “‘precipitation cores,” and we will use this
term here. A schematic of the structure of a cold front on the small mesoscale
1s shown in Fig. 8, where it can be seen that the precipitation cores are
located in regions of high surface convergence. The precipitation cores are
separated by “gap” regions where the mesoscale cold front “kinks,” resulting
in reduced convergence and therefore lower precipitation rates.

The relationship between the passage of a precipitation core and varia-
tions in wind, pressure, temperature, and rainfall on the surface are indicated
schematically in Fig. 8. Both windshifts and pressure checks occur ~5 min
before a peak in rainfall rate, and temperature drops occur at the time of,
or shortly after, the heavy rain associated with the downdraft of a precip-
itation core (James and Browning, 1979; Hobbs and Persson, 1982). The
sequence of events on the surface during the passage of a gap region depends
on whether or not small, convective precipitation areas within the windshift
zone pass over the ground station. If they do not, the pressure check and
windshift occur slightly before or at the same time as the fall in temperature,
and the rainfall rate does not peak (James and Browning, 1979). If a con-
vective precipitation area does pass over the station, a distinct peak occurs
in the rain rate, followed by a pressure check, windshift, and temperature
drop. The last three parameters may change simultancously, or the pressure
check and windshift may occur just prior to the temperature drop (Hobbs
and Persson, 1982).

In many respects, the passage of a precipitation core associated with a
narrow cold-frontal rainband resembles a squall-line gust front. Although
the outflow of cold air from a squall line is generally not accompanied by
precipitation, a pressure jump and a shift in the wind generally occur 5-10
min ahead of a drop in temperature.

The circulation of the air at low levels in the vicinity of the northeastern
tip of a precipitation core (i.e., near one of the “kinks” in the temperature
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downbursis and tornadoes; (b) the “boomerang” echoes that Hobbs and Biswas (1979} associate
with narrow cold-frontal rainbands.

front) is such as to induce cyclonic rotation of the winds; this forms a
“mesolow” in which there is strong wind shear (Hobbs and Persson, 1982).
Carbone (1982) has documented a case where a moderate tornado developed
from such a mesolow in northern California.

Fujita (1981) has pointed out that in the central United States mesoscale
downbursts {i.e., localized currents of rapidly sinking air, which induce an
outward burst of damaging winds on or near the ground—see Section 3.6)
and tornadoes are often associated with radar echoes that have a “bow”
shape (Fig. 9a). The radar echoes associated with the mesolows of cold fronts
have a similar shape (Fig. 9b), called “boomerang” echoes by Hobbs and
Biswas {1979). Tt appears therefore that Fujita’s bow echo represents an
extreme example of the more common boomerang echo associated with
cold fronts.

Gravity-current models, such as that described by Benjamin (1968),
which simulate the dynamics of a high-density fluid overtaking a lower
density fluid, provide reasonable predictions for the speeds of propagation
of cold fronts (Carbone, 1982; Hobbs and Persson, 1982) as well as gust
fronts associated with thunderstorms (Charba, 1974). Moreover, the breakup
of the narrow cold-frontal rainband into precipitation cores and gap regions
resembles the pattern seen when gravity currents are produced in laboratory
tank experiments (Simpson, 1972). Another possible mechanism for the
formation of precipitation cores and gap regions is through instabilities
produced across the cold front by the strong horizontal shear of the com-
ponent of the wind parallel to the front (Matejka, 1980; Hobbs and Pers-
son, 1982).
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2.7. Prefrontal Cold Surge

In an occlusion, the cold air advances over the warm front in a series of
pulses. The strongest pulse is generally analyzed as the cold front itself; the
weaker pulses are referred to as prefrontal cold surges (Kreitzberg, 1964;
Kreitzberg and Brown, 1970; Browning et al., 1973; Matejka et al., 1980).
A surge is marked at the surface by a temporary slight rise in pressure or
a decreasing fall in pressure (Fig. 10).

Behind the prefrontal cold surge aloft is a core of low moist static energy
air that tends to suppress upper cloud layers but enhances potential insta-
bility below. A deep band of cloud and precipitation precedes, or straddles,
the leading edge of the prefrontal cold surge. This prefrontal-cold-surge (or
“surge,” for short) rainband is similar in structure to the wide cold-frontal
and warm-frontal rainbands. The mechanisms responsible for the formation
of surge rainbands are probably the same as those that form wide cold-
frontal bands (Parsons and Hobbs, 1982b).

2.8. Postfrontal Rainbands
Postfrontal rainbands (Type 6 in Fig. 4) are lines of convection that form
in cold air masses behind zones of strong subsidence, immediately following

GENERATING CELLS

SMALLM:::H“ Y(@ (]B @® @ @

deposition
CONVECTIVE TOWERS PEMBE ;E[f)o
N
%CTIO&

Qale@nd 0 l

ice

o CONV
e Mgl riming \tce, some mner
II F oggrégolion

==

HEIGHT ————

- —— —w v
STRATIFORM
CLOUD
\ ’ GROUND
SMALL WAVELIKE SURGE RAINBAND
RAINBANDS (TYPE 5)

pressure
rise

FIG. 10. Model of rainbands associated with a prefrontal surge of cold air aloft, ahead of
an occluded front. The broken cold-front symbol indicates the leading edge of the surge. (The
primary cold front is off the figure to the left.) The structure of the clouds and the predominant
mechanisms for precipitation growth are indicated. Vertical hatching below cloud bases rep-
resents precipitation: the density of the hatching corresponds qualitatively to the precipitation
rate. Open arrows depict airflow relative to the cold surge and convective ascent. Ice particle
concentrations (ipc) are given in numbers per liter. The motion of the cold surge and the
rainbands in the figure is from left to right. From Hobbs (1978) and Matejka et al. (1980).
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the passage of a cold front. Since postfrontal bands are not usually obscured
by upper-level clouds or embedded in widespread layer clouds, they may
often be observed visually from the ground and in satellite photographs. On
the small mesoscale, postfrontal rainbands comprise groups of convective
clouds occupying horizontal areas ranging from ~50 to ~10° km®. Some-
times new lines of convection form immediately ahead of an existing line
of decaying cells, suggesting that in these areas they behave as organized
convective systems such as squall lines (Houze et al., 1976b). In this respect
they resemble warm-sector rainbands.

As in warm-sector bands, the microphysical structures of postfrontal rain-
bands depend strongly on the age of the convective cells being sampled. In
young cells containing relatively large quantities of supercooled water, ice
crystals grow by riming; showers of graupel are common in such situations.
In older cells, which tend to be glaciated, particle growth is primarily by
aggregation.

The unstable conditions associated with postfrontal rainbands suggest
that a wave-CISK mechanism, incorporating horizontal temperature gra-
dients and vertical shear, is a possible mechanism for their formation (Par-
sons and Hobbs, 1982b).

Following the passage of postfrontal rainbands, large areas behind the
cyclone are often covered by regions of convective clouds. In many respects
those clouds are similar to those of postfrontal rainbands, in that they orig-
inate in unstable layers and are convective in nature. However, they are
organized into hexagonal cells ~40 km across and are separated by clear
regions ~20-50 km across. The centers of cells are often cloud-free, in
which case they are referred to as “open hexagonal cells” (Krishnamurti,
1975a). The heights of the radar echo tops of these cells are similar to those
of the postfrontal bands, and they move with the wind at about the level
of free convection. The convection model proposed by Krishnamurti
(1975a,b,c) provides a reasonable explanation for open hexagonal cells.
However, despite the fact that this theory provides accurate predictions of
the location of hexagonal cells and some of their characteristics (e.g., move-
ment, cloudy or cloud-free centers), it often underestimates the spacing of
cells by up to an order of magnitude (Krishnamurti, 1975¢; Parsons and
Hobbs, 1982b).

2.9, Some Interactions beiween Rainbarids

Narrow and wide cold-frontal rainbands exhibit the most obvious inter-
actions (Parsons and Hobbs, 1981). The observed interactions can be di-
vided into three categories (Fig. 11). In the first, a wide cold-frontal band
moves over and ahead of a narrow cold-frontal band. This modifies the
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FiG. 11. Schematic showing three modes of interaction of a wide cold-frontal rainband with
a narrow cold-frontal rainband. (a) The wide cold-frontal rainband overtakes the narrow cold-
frontal rainband. The narrow celd-frontal rainband is disturbed but re-forms after the wide
cold-frontal rainband moves on. (b) The wide cold-frontal rainband overtakes the narrow cold-
frontal rainband and the latter dissipates. (¢) The wide cold-frontal rainband reaches, but does
not move ahead of, the narrow cold-frontal rainband. From Parsons and Hobbs (1981).

narrow cold-frontal band, though it continues to exist (Fig. 11a). The mod-
ification to the narrow cold-frontal band begins when the wide cold-frontal
band is located over the surface cold front. At this stage, it may be difficult
to locate the narrow cold-frontal band. The passage of the wide band over
the narrow may cause some decrease in the frontal convergence in the
‘boundary layer, which is necessary for the maintenance of the narrow cold-
frontal band (Hobbs and Persson, 1982). As the wide cold-frontal band
moves ahead of the surface front, the narrow cold-frontal band begins to
re-form as an irregular line containing precipitation cores, although the
latter may be without distinct alignment. Later the cores align at their usual
angle of 30-35° to the front. The time scale for the re-formation of the
precipitation cores ranges from 10 to 75 min.

In the second category of interaction, a wide cold-frontal band moves
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over and then ahead of the narrow cold-frontal band but the latter does not
re-form (Fig. | 1b). After the wide cold-frontal band moves ahead of the
surface front, the narrow cold-frontal band dissipates and the frontal wind-
shift is greatly weakened.

The third category of interaction that has been observed occurs when the
wide cold-frontal band moves over the surface front but then dissipates (Fig.
11¢). In this case, the narrow cold-frontal band and the precipitation cores
are particularly well defined, while the wide cold-frontal band aloft is ra-
ther weak.

2.10. Orographic Effects

Orography can have a profound influence on rainbands. In the case of
small (~50 m high), isolated hills, precipitation may be increased on the
windward slopes as enhanced condensation produces a feeder cloud that
is scavenged by precipitation falling from higher level seeder clouds (Ber-
geron, 1935). The seeder—feeder process leads to the strong correlation be-
tween elevation and precipitation amounts reaching the ground. This sit-
uation has been modeled quite well by Storebe (1976), Bader and Roach
(1977), and Gocho (1978).

Lifting of the air by topographic features can produce convection in the
mid-troposphere and perhaps initiate rainbands (Browning et al., 1974).
However, high terrain (e.g., mountain ranges 2 1 km in height) may lead
to downward motion on the lee slopes (Fraser ef al., 1973) or it may, on
the windward slopes, block the low-level flows necessary for the maintenance
of rainbands (Hobbs et al., 1975).

In a recent study, Parsons and Hobbs (1982a) observed that warm-frontal
and wide cold-frontal rainbands are generally only interrupted by descent
in the lee of large orographic features. Since precipitation is produced mainly
by the seeder—feeder mechanism in these two types of rainbands, any con-
densate produced by orographic lifting enhances the precipitation from the
rainbands. Similarly, orographic lifting enhances the precipitation from
those warm-sector rainbands in which the seeder-feeder mechanism plays
an important role in the production of precipitation. There is a tendency
for rainbands to be generated over hills when the atmosphere is unstable
either in the lower layers (e.g., in postfrontal conditions) or aloft (e.g., in
the warm sector). When the airflow in the lower layers is stable and parallel
1o a range of mountains, channeling of the flow by the mountains can cause
dissipation of rainbands. The precipitation associated with narrow cold-
frontal rainbands is generally unaffected by orography, although high moun-
tains can change the orientation of the bands.
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2.11. Vortices in Polar Air Masses

In Fig. 3b the clouds just to the left of the center of the picture, and to
the west of the trailing front, are associated with a small vortex in the polar
air mass. In Europe such vortices are referred to as “polar lows,” while in
North America they are called “comma clouds” (Reed, 1979). These vor-
tices exhibit many similarities to cyclones, although they are smaller in
scale, and they can give rise to significant weather. For example, in Cali-
fornia they account for a fairly large proportion (20-50%) of the precipi-
tation (Monteverdi, 1976).

Locatelli ef al. (1982) documented three case studies of vortices that
contained mesoscale rainbands of the types described above, and features
which, in the case of cyclones, would have been analyzed as fronts. Locatelli
et al. also point out that in the cases they studied, the vortices played key
roles in forming so-called instant occlusions.

3. MIDLATITUDE CONVECTIVE SYSTEMS
3.1, Thunderstorms

During the warmer half of the year, precipitation over midlatitude land
masses is dominated by deep convective events, collectively referred to as
thunderstorms, which stand in contrast to the large-scale cyclonic storms
described in the preceding section. The “Glossary of Meteorology” (Huschke,
1959) defines a thunderstorm as “. . . a local storm invariably produced
by a cumulonimbus cloud, and always accompanied by lightning and thun-
der, usually with strong gusts of wind, heavy rain, and sometimes with hail.”
In addition, it defines a tornado as “a violently rotating column of air,
pendant from a cumulonimbus cloud and nearly always observable as a
funnel cloud. . . . On a local scale it is the most destructive of all atmo-
spheric phenomena,” The term “severe thunderstorm” is usually reserved
to describe thunderstorms that are accompanied by tornadoes, very large
damaging hail, especially strong nontornadic winds associated with storm
downdrafts (including “gust fronts™ and the type of sudden downdraft re-
ferred to by Fujita, 1981, as a “downburst”), or some combination of these
phenomena.

Thunderstorms may occur either in isolation or grouped together in
mesoscale complexes or squall lines. These groups of storms are quite sig-
nificant and the subject of much recent research. In Sections 3.2 and 3.3,
we consider the structure of individual thunderstorms. Then in Sections 3.4
and 3.5 we discuss mesoscale complexes of storms and squall lines.
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As elsewhere in this article, we focus our discussion on the internal air-
motion and precipitation structures of storms. We do not treat thunderstorm
forecasting or the electrical activity of the storms.

3.2. Multicell Storms

The internal structure of thunderstorms was first investigated as a specific
observational objective in the Thunderstorm Project (Byers and Braham,
1949). This project was the first coordinated use of instrumented aircraft
and radars together with intensive soundings and surface observations to
explore the structure of a particular type of storm. The storms investigated
were the common summertime thunderstorms of Florida and Ohio. These
thunderstorms typically occur in widespread convectively unstable air
masses characterized by low-level warm, humid air and little vertical wind
shear. This type of storm has come to be referred to as the “air mass”
thunderstorm. In the Thunderstorm Project, the internal structure of the
storm was found to consist of a generally random pattern of “cells” (Fig.
12). The term ““‘thunderstorm™ is used to refer to the overall aggregate of
cells, and its lifetime (several hours in the case of air mass storms) consid-
erably exceeds that of an individual cell (~1 hr). Thus, the pattern of cells
within the air mass thunderstorm is continually changing.

A special case occurs when only a single cell develops, matures, and
dissipates, but no adjacent or subsequent cells develop to form a larger
storm complex. Chisholm and Renick (1972} assert that such “single-cell
storms’ are the most common type of thunderstorm, This is probably true,
if every towering cumulus that reaches considerable height and precipitates
is considered to be a thunderstorm. However, the significance of single-cell
storms in terms of precipitation (Simpson et al., 1980) or storm damage
(see Chisholm and Renick’s Fig. 1) is practically negligible. Hence, we focus
here on thunderstorms consisting of more than one cell.

In the Thunderstorm Project, it was deduced that each cell within a
thunderstorm undergoes a life cycle with characteristic stages. The life cycle
of a single cell within a thunderstorm has since been simulated quantitatively
in numerous cloud models. For example, Ogura and Takahashi (1971) used
a simple model that computes the areal averages of in-cloud properties at

F1G. 12. (a) Plan view of an example of an air mass thunderstorm observed in Ohio during
the Thunderstorm Project. Developing cells contained updrafis (U); mature cells, both updrafts
and downdrafts {D); and dissipating cells, only downdrafts. In (b} and (c) vertical cross sections
along B-B’ and A-A’ are shown. Adapted from Byers (1959).
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FiG. 13. Time-height cross sections of (a) vertical velocity (m/sec), (b) excess temperature
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a one-dimensional, time-dependent cloud model. From Ogura and Takahasi (1971),

a series of heights in a cylindrical cell. Their results illustrate the stages in
the life cycle of a thunderstorm cell (Fig. 13).

The developing stage {called the “cumulus” stage by Byers and Braham,
1949) is characterized by a growing cloud pushing its way up toward its
maximum height (Fig. 13d). The interior of the cell at this stage is filled
with buoyant air (Fig. 13b) moving upward (Fig. 13a). Precipitation particles
begin developing early and near cloud base but do not yet reach the ground
(Fig. 13e). The tendency of the precipitation particles to fall is offset in this
early stage by the strong updraft.
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Eventually, the weight of the precipitation particles becomes considerable
and their drag on the air initiates a negatively buoyant downdraft in the
lower portion of the cell. The appearance of this downdraft (at 40 min in
Fig. 13) marks the beginning of the “mature” stage of the cell, in which
updraft and downdraft coexist. Losing their supporting upward motion, the
precipitation particles begin reaching the ground (50 min in Fig. 13).

The disappearance of the updraft (after 60 min) defines the beginning of
the “dissipating” stage of the cell. During this stage, a weak downdraft
persists until the remainder of the precipitation falls out as light rain.

The cells making up the air mass thunderstorm depicted in Fig. 12 were
in various stages of their life cycles. Those with updraft only were in their
developing stages, those with both updraft and downdraft were in their
mature stages, while those with downdraft only were in their dissipating
stages. The formation of new cells in such storms is favored where the cold
downdraft spreading out at low levels from an older cell helps to lift ambient
air to its level of free convection (e.g., the new cell near A’ in the cross
section of Fig. 12b). New cells are thus formed in the vicinity of old cells,
especially between cells, where two downdraft outflows collide {Byers and
Braham, 1949; Simpson et al., 1980). It is largely by this process that the
multicellular cluster comprising the thunderstorm is developed and main-
tained. While emphasizing the importance of this regeneration mechanism
for cells, Byers (1959; see also Byers and Braham, 1949, pp. 77-79) also
noted that:

In many cases the time interval between the beginning of the outflow and the appearance
of the new cell on the radarscope is too short to permit explanation of the new one as
a result of the underrunning cold air or a similar time-consuming process. There are cases,
as indicated by the radar echoes, in which one new cell or a cluster comes into existence
almost simultaneously with the initial or parent cell; this suggests that a preferred region
of convergence and ascent favors the development of several cells.

Such a region of convergence can occur along an “arc cloud line,” which
marks the boundary of a downdraft outflow emanating from a distant older
thunderstorm or storm complex (see Section 3.6.2 for further discussion),
or be produced by some other highly localized forcing (e.g., sea-breeze con-
vergence; see Simpson et al., 1980).

The air mass thunderstorm, described by the Thunderstorm Project, is
a member of a broader class of storms referred to generally as “multicell”
thunderstorms. Another type of multicell thunderstorm, which we shall call
the “organized” multicell storm, differs from the air mass storm in that it
occurs in an environment of substantial wind shear and, as a result, the
cells form and move through the storm in a systematic rather than a random
fashion. This process is illustrated in Fig. 14, which is a vertical cross section
along the direction of motion of a multicell thunderstorm that produced
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hail in eastern Colorado. The figure can be thought of either as an instan-
taneous picture of the storm, with cells in various stages of development,
or as a sequence of stages in the life of one cell as it moved, in a relative
sense, through the storm. New cells (at #+1 in Fig. 14) formed on or just
ahead of the leading edge of the storm. As cells moved through the storm,
they underwent life cycles very similar to the life cycle of a cell in an air
mass thunderstorm. At n+1 and #, the cells were in the developing stage,
with updraft air filling the cells and precipitation particles developing aloft
but not yet falling to the ground. Precipitation particles were initiated near
cloud base n+1 and grew by collection of supercooled cloud water. Above
the 0°C level, the collectors were primarily ice particles, whose growth, after
their formative stages, was dominated by the accumulation of rime ice,
which formed as cloud liquid water was accreted. Continuation of this
riming built up graupel particles and hailstones, which eventually became
big enough to fall relative to the ground (Dye et al., 1974). The schematic
hail trajectory in Fig. 14 was based on an assumption that the particle, once
initiated, remained within the same cell throughout its lifetime. Heymsfield
er al. (1980) present evidence that optimal hail production in a multicell
storm occurs by the initiation of graupel particles and hailstones in smaller
cells and their subsequent advection into the updraft of the most intense
cell of the storm. Other studies note still finer scale patterns of vertical
velocity (Battan, 1975, 1980), radar reflectivity {Barge et al., 1976), and
surface hailfall (Goyer, 1977), which indicate that further variability in hail
growth is superimposed on the basic cellular pattern of the storm.

The cell at n—1 was the most intense in the storm depicted in Fig. 14.
Tt had the characteristics of a mature thunderstorm cell: its maximum height
had been attained; the updraft in its upper regions coexisted with a strong
downdraft at lower levels; and heavy precipitation, including hail, was reach-
ing the ground. By n—2, the cell had the characteristics of a dissipating cell:
the updraft had disappeared; weak downdraft existed throughout the cell;
and precipitation, though still falling, was considerably weakened.

Chalon er al. (1976) showed that the motion of the organized multicell
thunderstorm in Fig. 14 was the result of two components: one was the
result of the movement of individual cells (V. in Fig. 15a) along the direction
of the middle-level winds and slightly to the left of the overall storm move-
ment, while another (V) was the result of the periodic and discrete prop-
agation by new cell formation on the right forward flank of the storm. Thus,
the new cell formation always occurred on the storm’s leading edge. Other
organized multicell thunderstorms frequently exhibit new cell formation on
their right rear flanks, with cell dissipation on the left forward flanks (Brooks,
1946; Browning, 1962; Chisholm and Renick, 1972; Newton and Fank-
hauser, 1975). In such cases, the discrete propagation retards the motion
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FI1G. 15. Organized multicell thunderstorm motion (V) as the sum of individual cell motion
(V.) and discrete propagation by new cell formation (V,) for (a) forward-moving, (b} right-
moving, and (c) lefi-moving storms. Case (a) is from Chalon er al. (1976). Cases {b) and (c)
are described by Newton and Fankhauser (1975).

of the storm and makes it deviate to the right of the individual cell motion
(Fig. 15b). Since individual cell motions are typically within +30° of the
mean wind in the cloud layer,? the overall storm motion is also typically
to the right of the mean wind. These rightward-deviating storms are quite
common; however, organized multicell storms alse occasionally deviate to
the left of their individual cell motion (and hence to the left of the mean
wind in the cloud layer) as a result of systematic cell formation on the left
flank of the storm and dissipation on the right (Fig. 15c; see also Hammond,
1967; Newton and Fankhauser, 1975).

The ambient wind shear determines whether a multicell thunderstorm
takes on the characteristics of an air mass storm, with random cell regen-
eration, or of an organized storm, with an orderly pattern of cell formation
on a favored side of the storm. As in the air mass storm, new cell formation
in the organized multicell storm tends to be triggered at the edge of down-
draft outflow from an older cell. However, since the organized storm moves
through an environment of substantial vertical wind shear, there is strong
flow relative to the storm at various levels, including low levels. Thus the
boundary layer becomes an inflow layer feeding into a particular side of the
thunderstorm, and new cell generation is highly favored where this strong
low-level inflow meets the downdraft outflow of the mature cell. At this
point (the zero horizontal coordinate in Fig. 14), maximum and highly

3 These departures from the mean wind are to the left for smaller cells, to the right for larger
cells, and are greater when the environmental winds are strongly veered (Newton and Fank-
hauser, 1964, 1975).
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concentrated velocity convergence leads to new cell formation. As long as
the relative flow pattern remains intact, the tendency to form cells on this
side of the overall storm is maintained. The orientation of the ambient shear
vector, and hence the low-level flow vector, determines on which flank of
the storm cells regenerate. In the case of air mass thunderstorms with little
shear in the environment, there is little flow relative to the storm at any
level. A horizontal inflow layer cannot become firmly established, and no
side of the storm is strongly favored for cell development. However, even
in air mass storms with slight shear, Byers and Braham (1949) noted a
tendency for new development on the low-level upwind side of downdraft
outflows (see their pp. 77-79).

When the relative flow in the organized multicell storm is examined at
all levels, it is seen that the cells constituting the storm are either super-
imposed on a circulation pattern on the scale of the thunderstorm itself,
or the cells together constitute such a pattern. It can be seen from Fig. 14
that the circulation pattern is characterized by general ingestion and upward
flow of warm moist air entering the storm in the low-level inflow layer. The
rising air encompasses the updrafts of the developing and mature cells. It
exits in an anvil on the upper-level downwind side of the storm. Dry mid-
tropospheric air enters on the middle-level upwind side, is cooled as pre-
cipitation particles evaporate into it and sinks in a broad downdraft, which
occupies nearly the whole lower portion of the storm and contains the
downdrafts of all the mature and dissipating ceils. As the downdraft air
generally spreads out at the surface, part of it goes against the environmental
low-level flow. This portion of the overall storm downdraft region is asso-
ciated with the downdraft of the mature cell, the leading edge of which runs
under the inflowing updraft air in the region of new cell formation. Another
portion of the downdraft air flows out of the storm on its low-level down-
wind side.

Whether the larger storm-scale updraft-downdraft pair of the organized
multicell thunderstorm really constitutes a circulation physically distinct
from the individual cells, or is simply an agglomeration of the air motions
of the cells closely spaced in order of their successive stages of development,
is not clear. Whichever is the case, the continued low-level inflow of warm
moist air and midlevel inflow of dry air maintained by the storm-scale flow
allows the storm to last for a long time. In contrast, the lifetime of an air
mass storm, which lacks an organized storm-scale flow, is limited, since it
can draw only upon the boundary-layer air in its near environment. For
this reason, the organized multicell storms are generally longer lived and
more severe than air mass storms (Weickmann, 1953; Newton and Fank-
hauser, 1975).
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3.3. Supercell Storms

The most severe thunderstorm is the so-called supercell thunderstorm.
The name supercell (coined by Browning, 1964) refers to the fact that al-
though this type of storm is about the same size as a multicell thunderstorm,
its cloud structure, air motions, and precipitation processes are dominated
by a single storm-scale circulation consisting of one giant updraft-downdraft
pair. Smaller scale features in supercells have been noted by Barge et al.
(1976), and Battan (1980) suggests that further structural details might be
discernible from very high resolution radar observations. However, these
superimposed finer scale structures do not appear to be separate thunder-
storm cells, and the major aspects of supercell structure can be understood
in terms of the storm-scale circulation alone. Advances in understanding
the growth of large damaging hail and the formation of tornadoes have
followed from recent numerical modeling and detailed observational
documentation of the storm-scale circulation.

It has been recognized for a long time that supercell storms occur in
environments of great potential instability and strong vertical wind shear
(Newton, 1963). Recent numerical modeling studies confirm this fact and
further show that multicell and supercell storms comprise two distinct
classes of thunderstorms (Weisman and Klemp, 1981, 1982). The multicell
storms occur in weak to moderate shear. Weaker shear allows the downdraft
gust front at low levels to move ahead of its parent cell; the warm inflow
to the original updraft is cut off, and a new cell is triggered along the outflow
boundary (Thorpe and Miller, 1978; Weisman and Klemp, 1981; Wilhelm-
son and Chen, 1982). Supercell storms occur in moderate to strong shear,
which allows the updraft and downdraft to adopt a configuration in which
they propagate together. A detailed discussion of supercell organization and
structure is given in the following subsections.

3.3.1. Visual Appearance of the Supercell Storm. The visual appearance
of a supercell thunderstorm viewed from the side is shown in Fig. 16 in the
form that is usually taught to ground-based tornado spotters. The tornado
vortex is visible as a funnel-shaped cloud pendant from a rotating wall cloud
extending downward from cloud base. Usually, the rotation in the tornado
and wall cloud is cyclonic and is also suggested by striations of the primary
cumulonimbus cloud base. A tail cloud is sometimes seen streaming cy-
clonically into the west side of the wall cloud from the region of cool air
and heavy precipitation. The tornado usually occurs near the peak of a
wedge of low-level warm air entering the region of the storm typically from
the east or southeast. This warm air rises over the gust front to form the
updraft of the storm-scale circulation. Celd downdraft air deposited by the
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ANVIL EDGE ———a, N LIGHT RAIN
/ [0 MODERATE - HEAVY RAIN
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FiG. 17. Plan view of an idealized supercell thunderstorm as it would appear in a satellite
picture and in the low-level precipitation pattern that would be detected by a horizontally
scanning land-based radar. Cloud features seen by satellite include the flanking line, the edge
of the anvil cloud, and the overshooting cloud top. Position of gust front {(given by frontal
symbols) and tornado are also shown. Based on National Severe Storms Laboratory publi-
cations.

storm at the surface spreads out behind the gust front. In Fig. 16, precip-
itation reaching the ground behind the gust front forms a curved backdrop
for the tornado. Weaker tornadoes can occur along the southwest (or rear-
flank) gust front (Bates, 1968; Davies-Jones and Kessler, 1974; Forbes and
Wakimoto, 1982) or along the lateral boundaries of “downbursts” (see Sec-
tion 3.3.7). We will concern ourselves here with the predominant type of
tornado found at the peak of the wedge of warm air near the storm center.

Warm air rising along the rear-flank gust front or confluence line results
in a “flanking line” of towering cumulus (Lemon, 1976). Lifting is most
intense near the peak of the gust front, where the visibly active cumuliform
growth is seen to extend up through the tropopause to form an overshooting
cloud top. Divergence at the tropopause level gives rise to the anvil, which
extends downwind to the east or northeast at upper levels. Mammatus
structures are commonly seen at the base of the anvil; explanations for their
occurrence have been suggested by Scorer (1972) and Emanuel (1981).

An orderly pattern is seen in the precipitation to the northeast of the
tornado in Fig. 16. Closest to the tornado, large hail occurs, then, progressing
northeastward, small hail, heavy rain, light rain, and virga. As will be shown
in Section 3.3.4, this sorting is a result of the intense internal storm-scale
air motions. Interestingly, two of the attributes of the storm that classify it
as severe, namely, the large hail and the tornado (cf. Section 3.1), are found
in close proximity near the center of the storm.

3.3.2. Appearance of the Storm in Satellite and Radar Imagery. An
idealized horizontal projection of the cloud-top topography of a supercell,
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as it would appear in a satellite picture, and the low-level precipitation
pattern that would be detected by a horizontally scanning ground-based
radar are shown superimposed in Fig. 17. The near coincidence of the
tornado, the peak of the wedge of warm air, the overshooting cloud top,
and the indentation in the horizontal precipitation area are evident. The
horizontal distribution of the size-sorted precipitation particles produces a
distinctive radar reflectivity pattern, since light rain, heavy rain, small hail,
and large hail produce increasingly greater echo intensities. The large hail
produces an extremely intense echo surrounding the notch in the precipi-
tation pattern where the tornado is located. This radar reflectivity pattern
is generally referred to as a “hook echo.”

The radar reflectivity patterns vary significantly with height in the storm
(Fig. 18). The notch in low-level horizontal echo pattern (1 km in Fig. 18a)

HEIGHT (km)

HEIGHT (k)

(a)

FiG. 18. Schematic illustration of supercell structure typically observed by radar in Alberta.
Horizontal sections of reflectivity (Z, in units of dBZ) at various altitudes are shown in (a).
Vertical sections are shown in (b) and (c). Cloud boundaries are sketched; BWER refers to the
“bounded weak-echo region.” From Chisholm and Renick (1972).
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FIG. 19. Perspective view of an Alberta supercell storm. Storm-relative airflow, radar re-
flectivity (solid lines labeled in dBZ), cloud boundaries (sketched and dashed), and environ-
mental wind profiles are indicated. Wide arrow indicates storm motion. Adapted from Chis-
holm and Renick (1972).

is associated with a ““bounded weak-echo region” (BWER) or “‘echo-free
vault” that extends upward toward the overshooting top of the storm (Fig.
18a, 4 and 7 km; Fig. 18b,c).

3.3.3. Environmental Wind Shear and Updraft Structure. The BWER
seen in Fig. 18b,c is associated with the intense updraft of the storm-scale
circulation (Fig. 19). At low levels, the wedge of warm air flowing toward
the center of the storm rises over the gust front. It rises so rapidly that
hydrometeors in the updraft do not grow to radar-detectable size until they
reach great altitudes. Thus, the BWER coincides with the core of the updraft
(see the vertical cross sections on the back and side walls of Fig. 19). Air
reaching the top of the cloud turns and exits toward the east or northeast,
in a direction consistent with the upper-level winds. The inpouring of air
at low levels from the southeast is also consistent with the environmental
winds. As will be further shown in Section 3.3.5, the strong wind shear in
the environment (see back and side walls of Fig. 19) is crucial to the for-
mation and maintenance of the storm-scale circulation of the supercell.

3.3.4. Hailfall Pattern of the Supercell. The extremely strong updraft in
the supercell storm (~ 10-40 m/sec; Barnes, 1970; Marwitz, 1972; Davies-
Jones, 1974; Klemp et al., 1981) makes possible the growth of very large
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hailstones. The growth process has been hypothesized to occur more or less
as shown in Fig. 20. Various particle trajectories can ensu¢ depending on
the size and location of hail embryos when they first appear in the main
updraft. Embryos may be initiated within the main updraft or introduced
into the main updraft from feeder clouds located along the flanking line
(Barge ¢t al., 1976; English et al., 1982). Particles initially located in the
core of the updraft and following trajectory 0 in Fig. 20b are carried aloft
and into the storm’s anvil cloud before becoming large enough to fall out.
Particle 1, beginning near the front edge of the updraft, falls back into the
updraft for another cycle of growth by accretion of cloud liquid water before
it is carried over to the rear of the storm, where the largest hailstones fall
at the front edge of the precipitation area (trajectory 3), while smaller par-
ticles are carried farther back into the precipitation region (dotted trajec-
tory). This sorting of particles by size together with horizontal airflow normal
to the plane of the cross section in Fig, 20 (further details in Section 3.3.5)
accounts in a general way for the distribution of precipitation shown in
Figs. 16 and 17. Further variations of hailstone structure, size, and trajectory
can occur within this basic pattern, depending on such factors as whether
the particles are initiated in the main updraft or in feeder clouds, hailstone
density (Pflaum et al., 1982), or inhomogeneity in the structure of the main
updraft (Battan, 1980; Nelson and Knight, 1982).

The fallout of precipitation illustrated in Fig. 20a drives the downdraft
of the supercell by precipitation drag and evaporation into and cooling of
entrained midlevel environmental air. In Fig. 20, the downdraft occupies
the region between 0 and 20 km on the horizontal axis. As in the multicell
storm (cf. Fig. 14), the air from the storm-scale downdraft spreads out at
low levels and sustains the storm-scale updraft. To understand the rela-
tionship between the updraft and downdraft of the supercell more fully, the
storm’s circulation pattern is examined in three dimensions and in time in
the next subsection.

3.3.5. Storm Splitting; Left- and Right-Moving Storms. Supercell thun-
derstorms occur in environments in which the vertical shear of the hori-
zontal wind is very strong. The shear is usually especially strong in one
direction (e.g., back wall of Fig. 19), with lesser shear in the orthogonal
direction (side wall of Fig. 19). Basic aspects of supercell formation and
structure can be understood by considering first the direction in which the
shear is particularly strong. Strong vertical shear of the horizontal wind is
associated with vorticity about a horizontal axis normal to the shear. If an
updraft is formed in this environment, the initially horizontal vortex tubes
are bent upward (Fig. 21a). The updraft then contains two counterrotating
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F1G. 20. (a) Vertical section showing features of the visual cloud boundaries superimposed
on the radar echo pattern of a supercell thunderstorm in northeastern Colorado. The section
is oriented along the direction of travel of the storm, through the center of the main updraft.
Two levels of radar reflectivity are represented by different densities of hatched shading. The
locations of four instrumented aircrafi are indicated, namely, D-130, QA (Queen Air), DC-6,
and B (Buffalo). Bold arrows denote wind vectors in the plane of the diagram as measured by
two of the aircraft (scale is only half that of winds plotted on right side of diagram}. Short thin
arrows skirting the boundary of the vault represent a hailstone trajectory. The thin lines are
streamlines of airflow relative to the storm drawn to be consistent with other observations. To
the right of the diagram is a profile of the wind component along the storm’s direction of
travel, derived from a sounding 50 km south of the storm. (b) Vertical section corresponding
to (a). The echo distribution and cloud boundaries are as before. Trajectories 1, 2, and 3
represent the three stages in the growth of large hailstones. The transition from stage 2 to stage
3 corresponds to the reentry of a hailstone embryo into the main updraft prior to a final up-
and-down trajectory during which the hailstone may grow large, especially if it grows close to
the boundary of the vault as in the case of the indicated trajectory 3. Other, less favored
hailstones will grow a little farther from the edge of the vault and will follow the dotted
trajectory. Cloud particles growing within the updrafi core are carried rapidly up and out into
the anvil along trajectory 0 before they can attain precipitation size. From Browning and Foote
(1976).
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centers of vorticity about a vertical axis. This vortex-couplet structure is
seen in the results of three-dimensional numerical cloud models when an
initial perturbation in a thermodynamically unstable environment is al-
lowed to grow in an environment of wind shear similar to that indicated
in Fig. 19 (Klemp and Wilhelmson, 1978a,b; Wilhelmson and Klemp, 1978,

FIG. 21. Schematic of storm-splitting process leading to left- and right-moving supercell
thunderstorms. Cloud boundary is sketched. Precipitation is hatched. White tube represents
a vortex tube. Heavy arrows are updrafts and downdrafts. GF indicates gust front. Storms
move over a horizontal surface shown in perspective. Point 0 is fixed to the surface and is
directly under the center of the cloud in (a). Storms move away from 0 in time. Storm cross
sections are in vertical planes outlined by dashed lines. In (b) the split occurs, and subsequently
gust front propagation leads to a component of storm motion away from the center line of
the horizontal plane in (c) and (d). In (c) divergence (DIV) and convergence (CONV) are
indicated, and dashed vortices indicate their being weakened by divergence.
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1981; Schlesinger, 1978, 1980, 1982a,b; Clark, 1979; Blechman, 1981). The
counterrotating vortices entrain potentially cool midlevel air on the down-
wind side of the cloud. This introduction of cool air together with the
downward drag of developing precipitation starts a downdraft in the center
of the cloud, and the previously upward-bent vortex tube is bent downward
in its middle (Fig. 21b). The downdraft then contains counterrotating vor-
tices of its own, and the updraft is split into two parts, one on ¢ach side of
the downdraft. The split of the original updraft by the downdraft is seen
in the model simulations to be followed by one updraft-downdraft pair’s
moving to the left of the mean wind while the other moves to the right of
the mean wind as a result of gust-front propagation. This motion makes
the split complete, leading to two separate storms, which continue to prop-
agate away [rom each other (Fig. 21c,d). The storm moving to the right in
the figure is referred to as the “right-moving” storm. The other is referred
10 as the “left-moving” storm.

We shall temporarily focus attention on the right-moving storm. If Cori-
olis effects are ignored, the left-moving storm may be regarded as the mirror
image of the right-moving storm. Rotunno (1981) has analyzed the devel-
opment of rotation in the right-moving storm that forms in Wilhelmson
and Klemp’s (1978) model experiments. He shows that, at midlevels (more
specifically, the level of nondivergence), the centers of cyclonic and anti-
cyclonic rotation occur at first to the right of the updraft and downdraft
cores, respectively, as shown in the right half of Fig. 21b. However, as the
storms continue to move apart, the centers of rotation migrate to the draft
cores, resulting in a cyclonically rotating updraft and an anticyclonically
rotating downdraft (Fig. 21c). At low levels, Rotunno finds (in accordance
with work of Brandes, 1978, 1981; Heymsfield, 1978; and Bluestein and
Sohl, 1979) that the vorticity structure is strongly modified by convergence,
which strengthens the rotation in the updraft, and divergence, which weak-
ens the counterrotation in the downdraft (the weakened downdraft rotation
is indicated by the dashed lines in Fig. 21¢). Rotunno further finds that the
center of cyclonic rotation at low levels migrates from its initial position
to the right of the updraft core (Fig. 21b) past the center of updraft (Fig.
21c), finally coming to rest on the gust-front boundary separating the down-
draft and updraft air (Fig. 21d).* At this stage, the center of cyclonic rotation
extends vertically from the gust-front boundary at low levels to the updraft
core at midlevels. This vertically continuous region of cyclonic rotation in
the right-moving storm (dotted line in Fig. 21¢) is referred to as the ‘“me-
socyclone” (Fujita, 1965; Burgess, 1976; Lemon et al., 1978; Burgess et al.,

4 How the downdraft air with its weakened anticyclonic rotation actually develops cyclon-
ically curved streamlines near the gust front (as indicated in Fig. 16) is a question under active
investigation. See comments by both Brandes (1981) and Rotunno (1981).
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1982), and it is recognized as the likely origin of most tornadoes formation
(see Section 3.3.7 for further details). The counterpart to the mesocyclone
in the left-moving storm is referred to as the “mesoanticyclone®?
(Burgess, 1981).

Examples of the three-dimensional structures of the left- and right-moving
storms formed by splitting in unidirectional shear are shown in Fig. 22. We
shall again restrict discussion to the right-moving storm, except where in-
dicated otherwise. Qualitatively, the right-moving storm has the character-
istics of the supercell storm described in preceding sections. At low levels
(Fig. 22a), the precipitation field resembles that of a supercell, except for
the absence of hail, which does not occur because the ice phase is excluded
from these calculations. The horizontal rainfall pattern, however, exhibits
a hook-echo configuration, with a notch at the core of maximum updraft
intensity. South of this maximum, the updraft region is elongated along an
apparent flanking line. Warm air streams in toward the flanking line and
updraft core region from the east. Air is seen diverging from the downdraft,
which is centered in the precipitation area. This downdraft air flows into
the region behind the flanking line and forms a gust front, which meets the
air flowing in from the cast. At middle levels (Fig. 22b,c), the cyclonic
rotation in the updraft core is clearly seen. The counterrotation in the
downdraft core is not as evident in the plotted winds; however, it can be
seen clearly in analyses of the vorticity field (e.g., Figs. 14 and 15 of Wil-
helmson and Klemp, 1978). Midlevel ambient flow is deflected around the
rotating updraft, especially around the south side, as though the updraft
were an obstacle to the flow. After passing around the updraft, this air is
entrained into the precipitation area on the east or forward side of the storm.
The midlevel air is dry, and the precipitation particles readily evaporate
into it. The cooling from the ¢vaporation together with precipitation drag
induces the air to subside after it is entrained. Passage of midlevel air around
the updraft core prior to its entrainment into the precipitation region (Fig.
22b,c) and the exit of downdraft air and outflow at low levels, behind the
flanking-line gust front (Fig. 22a) were postulated on the basis of indirect
observational evidence by Browning (1964), Comparing the locations of the
updraft centers at different levels in Fig. 22a—d, we see further that the
updraft core slopes over the downdraft with height (also postulated by
Browning) and that divergent anvil flow is centered on the updraft summit®
(Fig. 22d).

5 The mesoanticyclone in the left-moving storm should not be confused with the thunder-
storm high-pressure area typically observed behind the gust front.

¢ Note that the cloud-top level in this model simulation is lower than that observed in nature
as a result of modifying the ambient sounding to reduce the model domain for computational
simplicity.
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FiG. 22. Three-dimenstonal cloud model results showing three-dimensional structures of
left-moving ( ¥ > 0) and right-moving (¥ < 0) thunderstorms formed by splitting in unidirec-
tional shear. Horizontal relative wind vectors are shown with vertical velocity (m/sec) super-
imposed. (a) z = 0.25 km, max vector = 14 m/sec; (b} z = 2.25 km, max vector = 13.1 m/
sec (¢) z = 3.75 km, max vector = 13 m/sec; (d) z = 5.75 km, max vector = 13.0 m/sec. The
heavy dashed line marks the outer boundary of the rainwater field, except in (d), where it
encloses the cloud water field. From Klemp and Wilhelmson (1978b}).

The left-moving storm in Fig. 22 is very nearly the mirror image of the
right-moving storm. The slight departure from exact symmetry resulted
from inclusion in the model of Coriolis terms, which had somewhat different
effects on the left- and right-moving storms. The occurrence of storm split-
ting, in which both left- and right-moving storms are well defined, is ob-
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served only infrequently in nature; however, it scems to occur, as expected,
when the ambient shear is nearly unidirectional (e.g., see Charba and Sasaki
1971, and Wilhelmson and Klemp’s, 1981, discussion of observed soundings
and hodographs). Klemp and Wilhelmson (1978b) showed, however, that
slight departures from unidirectional shear in the environment will favor
either the left- or right-moving storm. For example, the shear depicted on
the side wall of Fig. 19 modifies the unidirectional shear shown on the back
wall to favor right-moving storm development. Hodographs favoring the
development of symmetrically splitting, left-moving and right-moving
model storms are shown in Fig. 23,

In model simulations with hodographs (b) and (c) in Fig. 23, the basic
storm-splitting process seen in the case of unidirectional shear occurs, but
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FI1G. 23. Hodographs favoring (a) symmetrically splitting, (b) right-moving, and (c) left-
moving supercell thunderstorms, From Klemp and Wilhelmson (1978b).
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the disfavored storm is greatly weakened (Klemp and Wilhelmson, 1978b).
If this process occurs in nature, the disfavored storm probably never de-
velops sufficiently to be readily observable. Since severe storm situations in
North America are usually characterized by the type of shear shown in
hodograph (b) of Fig. 23, the right-moving storm is the type of supercell
usually observed.

The low-level flow pattern of a supercell simulated using the wind and
thermodynamic soundings for a specific case of right-moving supercell de-
velopment (shear in the environment like that of Fig, 23c¢) is compared in
Fig. 24 with the flow pattern observed at two times in the actual storm by
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FIG. 24. Flow pattern and radar reflectivity at the 1-km level in the Del City, Oklahoma,
tornadic thunderstorms observed by multicell Doppler radar at (a) 1833 LST and (b) 1847
LST and simulated by a three-dimensional numerical model (¢). Updraft velocities (solid lines)
and downdrafl velocities {dashed lines) are contoured at 5 m/sec intervals in (a) and (c) and
10 m/sec in (b). Shaded regions designate areas of negative vertical velocity (< —1 m/sec). The
heavy solid line outlines the rainwater field enclosed by the 0.5 g/kg contour in (c) and by
the 30 dBZ contour in {(a) and {b}. Wind vectors are scaled such that one grid interval represents
20 m/sec. From Klemp ef al. (1981).



PRECIPITATING CLOUD SYSTEMS 269

Y (KM)

0 0 20
X (KM}

F1G. 25. Idealized version of radar reflectivity and dual-Doppler observed flow at the 0.4-
km level in the Del City, Oklahoma, tornadic thunderstorm. Low- and high-density shading
is for reflectivity thresholds of 30 and 40 dBZ, respectively. Solid (dashed) arrows show hor-
izontal flow in downdraft (updraft) region. Heavy solid line is boundary between downdraft
and updraft regions. Large dot shows tornado location. Adapted from Fig. 5 of Brandes (1981).

multiple-Doppler radar techniques. Several model and Doppler radar com-
parisons such as this one have now been made, and the similarity of major
features is striking. The success of these comparisons lends confidence to
both the modeling and radar methodologies.

3.3.6. Genesis of the Tornado. The Doppler radar observations depicted
in Fig. 24a,b show a prominent center of cyclonic rotation, which is the
low-level manifestation of the mesocyclone discussed in Section 3.3.5 and
illustrated in Fig. 21d. The mesocyclone is the favored region for torna-
dogenesis, though, as we noted in Section 3.3.1, tornadoes may also occur
along gust-front or “downburst” boundaries. These gust front and down-
burst tornadoes, though quite damaging, are not as severe or as well docu-
mented as the mesocyclonic tornado. We will restrict the present comments
to the mesocyclonic tornado.

The vortex comprising the tornado is much more intense and occurs on
a much smaller scale than the parent mesocyclone. The tornado vortex is
in fact too small to resolve in multiple-Doppler radar analyses; however,
it can often be detected in single-Doppler data as a location of extreme
wind shear from one data sampling volume to the next (Brown ¢t al., 1978)
or in the velocity spectrum for a single sampling volume (Zrnic et al., 1977).
This so-called tornado-vortex signature (TVS) is observed aloft, at the
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FiG. 26. Conceptual model of mesocyclone core evelution. Thick lines are low-level wind
discontinuities. Tornado tracks are shaded. Inset shows the tracks of the tornado family, and
the small square is the region expanded in the figure. From Burgess et al. (1982).

2-5-km level within the mesocyclone, some 20-30 min before it appears
within the low-level mesocycione and reaches the ground as a visible tornado
funnel.

At low levels, the tornado appears after the mesocyclone center moves
from the updraft core to the boundary between the downdraft and updraft
(cf. Fig. 21c,d). In the Doppler radar data in Fig. 24, the circulation center
was in the updraft at the earlier time (Fig. 24a), but by the later time (Fig.
24b) the updraft region had become distorted into the shape of a horseshoe
by an intrusion of cyclonically rotating downdraft air. Klemp ef al. (1981)
have shown that this downdraft air began its sinking motion in the main
precipitation region to the north of the mesocyclone and that it subsequently
spiraled downward, around the mesocyclone center, where it split the up-
draft core as it sank to low levels. Brandes (1981) has related this intrusion
to the formation of a tornado in the location indicated in Fig. 25. Brandes
(1978; see his Fig. 18) and Golden and Purcell (1978a; see their Fig. 8) have
shown similar downdraft intrusions in relation to the appearance of tor-
nadoes at low levels. Brandes (198 1) finds that once the downdraft intrusion
has become established, both tilting and stretching of vortex tubes on a
highly localized scale become active (stretching was of greater magnitude
in this case) in forming the tornado at a location along the boundary of the
updraft and downdraft air circulating around the mesocyclone (e.g., Fig.
25). Brandes argues further that, soon after the situation illustrated in Fig.
25, the updraft in the vicinity of the mesocyclone center was completely
cut off from the inflow of warm air by the downdraft intrusion, and the
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tornado and mesocyclone dissipated. A new supercell updraft and meso-
cyclone center then formed ahead of the rear-flank gust front.

Cutting off of the mesocyclone center in this way, while the rear-flank
gust front propagates ahead and generates a new main updraft and meso-
cyclone, which in time spawns another tornado, accounts for the association
of multiple tornado paths with a single supercell storm (Fig. 26). Lemon
and Doswell (1979) noted that this sequence of secondary mesocyclone
development bears an intriguing resemblance in miniature to synoptic-scale
cyclone evolution. Burgess et gl. (1982) have verified the sequence of events
depicted in Fig, 26 statistically from Doppler radar observations. They note
that, although long-track tornadoes have been observed, they are extremely
rare and that “many tornadoes initially appearing long are in reality a family
of segments, each associated with a different mesocyclone core.” High-res-
olution three-dimensional model simulations confirm the tendency of the
mesocyclone center to be cut off with new main updraft and vorticity centers
developing along the gust front to the east (Klemp and Rotunno, 1982),
and recent photographic documentation of multiple-tornado storms by tor-
nado chase teams is consistent with the sequential mesocyclonic and tor-
nadic evolution observed on radar (Rasmussen ¢! al., 1982; Marshall and
Rasmussen, 1982).

UNION CITY , OKLAHOMA

k‘\fj J : 24 MAY 1973 TORNADO

10wm

F1G. 27. Damage path of the Union City, Oklahoma, tornado with sketches of the funnel
and associated debris cloud as seen from the south. Letters A-H indicate damaged farmsteads.
From Golden and Purcell (1978a).
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F1G. 28. Tornado structure from photogrammetry and damage surveys. (a) Qutline of Union
City, Oklahoma, tornado funnel and upper wall cloud showing features tracked on movie
loops. Sequential outline of cloud tags and streamers in wall cloud and typical composited
trajectory and displacement of debris aggregate are superimposed. (b) Schematic plan view of
horizontal streamlines (solid lines) and low-level vertical motion patterns {dashed lines) around
decaying tornado. From Golden and Purceil (1978b).

3.3.7. Life Cycle and Structure of the Tornado. An example of an in-
dividual tornado funnel that formed within a mesocyclone is described in
detail by Golden and Purcell (1978a); for other examples, see Fujita (1960),
Hoecker (1960), and Davies-Jones (1982a). The structure of the funnel
observed by Golden and Purcell is illustrated schematically in Fig. 27 for
several stages in its life cycle. The “organizing stage™ was characterized by
a visible funnel touching the ground intermittently, though the damage path
was continuous. In the “mature stage,” the tornado was largest. In the
“shrinking stage,” the entire funnel decreased to a thin column. The “de-
caying stage” was characterized by a fragmented and contorted but still
destructive funnel. Air motions within and near the tornado (Fig. 28) were
determined by tracing debris particles and identifiable cloud eclements
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(“cloud tags”) in motion pictures (Golden and Purcell, 1978b) and by sur-
veying surface damage patterns (Davies-Jones ef al., 1978). In the mature
stage, tangential velocities at a radius of 200 m and heights 60-120 m above
ground were 50-80 m/sec, in agreement with deductions from various ear-
lier but less intensively documented cases. The flow pattern was notably
asymmetric. At the wall-cloud level, there was strong downward motion on
the southwest side of the funnel with upward motion on the northeast side
{Fig. 28b).

The tornado funnel is sometimes observed to contain one to six smaller
subvortices, 0.5-50 m in diameter (Fujita, 1970, 1971, 1981; Fujita & al.,
1970; Agee el al., 1975, 1976, 1977). These “‘suction vortices” may be
stationary or orbit around the tornado center (Fig. 29). They contain some
of the strongest winds of the tornado and leave a complex pattern of narrow
trails of debris and extreme damage within the general path of the tornado.
The observation of multiple funne! clouds [e.g., the 1965 Elkhart, Indiana,
twin tornado (Fig. 46 of Fujita et al., 1970) or the 1979 Wichita Falls, Texas,
tornado, which exhibited six simultaneous vortices (Fig. 17 of Fujita, 1981)]
is explained by the breakdown of the parent funnel into suction vortices.

MODEL OF TORNADO WITH MULTIPLE SUCTION VORTICES

T TRANSLATIONAL SPEED OF TORNADO SUCTION ..
VORTEX. g

S TRANSLATIONAL SPEED OF SUCTION VORTEX

V  ROTATIONAL SPEED ARDUND TORNADO CORE

£ / 3 ki
IS L T i : SUCTION
Yelom £.. 4 , 2 : -} VORTEX
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FiG. 29. A model of a tornado with multiple suction vortices proposed by Fujita in 1971.
From Fujita (1981).
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This breakdown has been simulated in laboratory models (e.g., Ward, 1972;
Leslie, 1977; Church et al., 1977) and is related theoretically to the “swirl
ratio,” which is a nondimensional parameter expressing the relative
strengths of circulation and forced convection in the parent vortex (Davies-
Jomes, 1976, 1982b). The breakdown of the mesocyclone into tornadoes,
the tornadoes into suction vortices, and even the latter into twin suction
vortices twisting around each other (Fujita, 1981) brings to mind the famous
rhyme of L. F. Richardson:

Big whirls have little whirls that feed upon their velocity
And little whirls have lesser whirls and so on to viscosity.

3.4 Midlatitude Mesoscale Convective Complexes

It is quite common for several thunderstorms 1o be grouped together
within a mesoscale complex, which covers an area one or more orders of
magnitude greater than that covered by an individual thunderstorm. The
storms comprising such a complex typically share a common upper-level
cloud shield, which appears very prominently in satellitec imagery when the
system matures (¢.g., the cloud centered over Oklahoma in Fig. 30). Maddox
(1980b) has used this fact to define a midlatitude “mesoscale convective
complex” (MCC) in terms of the time and space scales of its cirriform cloud
top, as it appears in satellite data (Table I). Fritsch ef al. (1981) have pre-
sented evidence that 50-60% of the summer rainfall in the Great Plains and
midwestern United States is accounted for by MCCs identified by Maddox’s
criteria. Their work indicates, moreover, that the precipitation falling from
an MCC at a given time typically covers a continuous area of mesoscale

TABLE L. CrITERIA USED TO IDENTIFY MIDLATITUDE MESOSCALE CONVECTIVE
COMPLEXES IN INFRARED SATELLITE DATA?

Physical characteristics

Size: (A) Cloud shield with continuously low infrared temperature < —32°C

must have an area > 100,000 km?
(B) Interior cold cloud region with temperature < —52°C must have an

area = 50,000 km?

Initiate: Size definitions (A) and (B) are first satisfied

Duration: Size definitions (A) and (B) must be met for a period > 6 hr

Maximum extent: Contiguous cold cloud shield (infrared temperature < —32°C) reaches
maximum size

Shape: Eccentricity (minor axis/major axis) = 0.7 at time of maximum extent

Terminate: Size definitions (A) and (B) no longer satisfied

4 From Maddox (1980b).
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FIG. 31. “Mass-flow” stream function {at intervals of 107 mbar m? sec™') for the azimuthally
averaged flow about an origin at the centroid (R = O of a rainstorm with the characteristics
of a midlatitude MCC. The sense of the flow is indicated by the arrowheads. From Bosart and
Sanders (1981).

dimensions; that is, the individual thunderstorms are embedded in a larger,
mesoscale region of precipitation falling from the cloud shield.

The occurrence of a continuous area of precipitation on a scale greater
than that of the individual thunderstorms indicates that an organized cir-
culation occurs on the mesoscale in conjunction with the MCC. Bosart and
Sanders (1981) deduced the circulation associated with an MCC that pro-
duced severe flooding in Johnstown, Pennsylvania, in 1977 (Fig. 31). Mad-
dox (1981) has found a similar circulation to be characteristic of the mature
midlatitude MCCs he has identified. This circulation should not be confused
with the air motions of an individual thunderstorm. The MCC circulation
is a much larger scale overturning in which the thunderstorms are em-
bedded.

The mesoscale circulation of the mature MCC, shown in Fig. 31, was
determined for a circularly symmetric region centered on the MCC. A ra-
dius—height cross section of the symmetric pattern is shown, with the origin
of the graph corresponding to the center of the disturbance. The circulation
was characterized by mean ascent over a region several hundred kilometers
wide extending vertically through the entire troposphere, except for the
boundary layer (below 950 mbar), where weak divergence and descent oc-
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curred in the mean, This low-level net divergence reflects the influence of
a mesohigh resulting from the spreading of convective downdraft issued by
the various embedded thunderstorms. This mesohigh was of the type de-
scribed in early work of Fujita (1955) and others. Although convergence
and new thunderstorm development undoubtedly occurred along the edge
of the mesohigh (or “cold dome™), the meschigh dominated the boundary
layer flow to an extent that the divergence and sinking prevailed in the
mean pattern. The mean upward motion above the boundary layer con-
nected a region of strong convergence at 900-700 mbar with a region of
strong divergence centered at 200 mbar. The convergence was associated
with a mesolow in the low to middle troposphere, while the divergence aloft
was linked to a pronounced mesohigh. The upper-level mesohighs associated
with MCCs have been described by Ninomiya (1971a,b), Maddox (1980a,
1981), Fritsch and Maddox (1981a,b), and Maddox et al. (1981).

The mesoscale circulation of the mature MCC develops by progressing
through a life cycle described qualitatively by Maddox (1980b, 1981). In
its ecarly stages, the MCC is highly convective, being dominated by the
individual thunderstorms it contains. As the system evolves, however, lifting
on a larger scale becomes more pronounced. A stratiform upper cloud shield
develops and precipitation becomes continuous, evidently consisting of a
mixture of stratiform and convective components. This life cycle is similar
to that typifying tropical cloud clusters (see Sections 4.2-4.5). Detailed radar
studies of tropical cloud clusters have clearly distinguished convective and
stratiform processes and hence have led to better understanding of the
mesoscale organization and dynamics of the clusters. Similar work is needed
to distinguish the convective and stratiform processes in midlatitude MCCs.

The dynamics of the development of the mesoscale circulation of the
MCC (Fig. 31) are not yet well understood; however, some of their aspects
may be surmised from existing observations, as well as from mesoscale
models and by comparing MCCs to tropical cloud clusters. The initial de-
velopment is apparently driven by convective heating (which is dominated
by release of latent heat in the convective updrafts; Houze, 1982) associated
with the embedded thunderstorms. Mesoscale models with parameterized
(sub-grid-scale) convection (Brown, 1974, 1979; Kreitzberg and Perkey,
1977; Fritsch and Chappell, 1980; Fritsch and Maddox, 1981b; Maddox et
al., 1981) show that hydrostatic adjustment to the convective heating ini-
tiates a mid to low tropospheric mesolow and an upper tropospheric me-
sohigh of the sort evident at 900-700 mbar and 200 mbar in Fig. 31. Ni-
nomiya (1971a,b) arrived at a similar conclusion from observational evi-
dence. As the mesolow and mesohigh intensify, mesoscale lifting strengthens
and widespread cloud and precipitation develop. At this stage, condensation,
evaporation, melting, and radiative transfer can become important in the
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stratiform cloud and precipitation areas and combine with the heat release
by the embedded thunderstorms to provide the total thermal driving force
for the mesoscale circulation. If the convection embedded in the MCC
weakens or dies out after this stage, the MCC should be able to continue
to exist since the mean circulation can continue, driven by the stratiform
and/or radiative processes. Thus, the MCC becomes less convective and
more stratiform as it ages. This sequence of thermodynamical and dynam-
ical events is consistent with Maddox’s (1980b, 1981) descriptive life-cycle
observations and with tropical cloud clusters. Houze (1982) has examined
the relative magnitudes of convective, stratiform, and radiative heating in
tropical cloud clusters and has found them all to be significant, with the
stratiform and radiative processes becoming more prominent in the later
stages of a cluster. Further work is needed to distinguish these processes
more clearly in midlatitude MCCs.

3.5. Midlatitude Squall Lines

A type of mesoscale convective system that has been recognized for a
long time is the midlatitude squall line. Some confusion exists, however,
regarding the definition of a squall line. The “Glossary of Meteorology™
(Huschke, 1959) defines a squall line as “any non-frontal line or narrow
band of active thunderstorms.” This definition appears to be inadequate in
at least two respects: The nonfrontal requirement is too restrictive, since
thunderstorms associated with a front (or even frontal rainbands without
thunderstorms) can occasionally take on squall-line characteristics (e.g.,
Fujita, 1955; Sanders and Paine, 1975; Sanders and Emanuel, 1977; Hobbs
and Persson, 1982), whereas to say that “any” line of thunderstorms qual-
ifies as a squall line is too general, since mosl observers recognize a squall
line as a special class of convective line characterized by rapid propagation
and certain mesoscale pressure, wind, and precipitation patterns. Fujita
(1955) clearly identified these features. He showed that a squall line starting
from a point, probably as one or two individual thunderstorms, successively
expands its area of influence (Fig. 32). The leading edge of the system,
commonly called the gust front {but referred to by Fujita as the “pressure-
surge line™), has the characteristics of an intense cold front. As it propagates,
it continually lengthens, and an expanding pool of downdraft air is left in
its wake (Fig. 33). A narrow band of intense thunderstorms is found along
the leading edge, with a broader region of light precipitation falling from
an extensive cloud region to the rear. A mesohigh is found at the surface
in the trailing region of lighter precipitation. A “wake-depression,” or me-
solow, induced by subsidence warming, is found in dry air to the rear of
the precipitation zone. The horizontal extent of the system (~400 km), its
widespread area of precipitation, and its oval shape make it comparable in
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FIG. 32. Spread of area influenced by an advancing squall line. Isobars of excess pressure
are drawn for two times (0100 and 0300} with hourly isochrones and envelopes of the various
pressure values. From Fujita (1955).

size and shape to an MCC. A single squall-line system of this type develops
an upper-cloud shield, which can attain the characteristics that qualify it
as an MCC according to Maddox’s (1980b) criteria (e.g., Fig. 30). Thus,
Fujita’s ideal midlatitude squall-line system can be considered as a special
case of an MCC.

However, the midlatitude squall line is identified as an MCC by Maddox’s
criteria (Table I) only when it occurs in isolation. When several squall-line
systems break out along a larger scale front or windshift line, leading edges
may intersect and form a long chain of squall systems (e.g., see Figs. 37—
43 of Fujita, 1955; or cf. Figs. 13.8 and 13.9 of Palmén and Newton, 1969).
In this situation, upper cloud shields merge and the individual squall systems
become impossible to distinguish as separate MCCs by strict application of
Maddox’s criteria, since his rules are designed to identify only isolated (i.e.,
round or oval) cloud shields. Therefore, while the isolated squall-line system
in Fig. 30 is readily identified as an MCC, a squall-line system that is one
of several along or ahead of a front cannot be separately identified in satellite
data unless the time continuity of the cloud pattern is closely followed and
subjective allowance is made for mergers. As shown by Fujita’s (1955) work,
radar and other detailed surface observations are needed to distinguish un-
ambiguously the separate mesoscale squall systems forming parallel to a
front. Such a distinction seems necessary, however, to understand both the
isolated squall system and families of squall systems occurring parallel to
fronts.

Squall lines occur in a varicty of large-scale environments. Palmén and
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Fi1G. 33. Fujita’s model of a squall line, in vertical cross section (upper) and in surface plan
view {lower). Lines on surface map are isobars. Wind vectors are indicated by small arrows;
the motion of the system at upper levels relative to the moving system is represented by the
large open arrows on the surface map. UPD and DWD indicate updrafts and downdrafts,
respectively. From Fujita (1955).

Newton (1969) note that, ““Although squall lines most commonly occur in
the warm sectors of cyclones (or in tropical air well removed from frontal
systems), they often extend far north of warm fronts and occasionally form
some distance behind cold fronts: in both cases the thunderstorms are in
the warm air above the front.” Thus, squall lines form in different situations
of environmental wind shear, and, not surprisingly, squall lines take on
various configurations. Often the winds in the environment are strongly
veering, usually ahead of an approaching upper trough {Fig. 2 of Newton,
1963), and a line of severe organized multicell or supercell storms develops
and may exhibit characteristics of the squall-line model of Fujita (1955)
(Figs. 32 and 33). Newton and Fankhauser (1964} and Newton (1966) in-
vestigated severe convective lines of this type (Fig. 34). They consist of
aligned thunderstorms, with wind shear favoring new development on the
southern ends of individual squall lines. By this process, the southern end
of a line to the north may join the northern end of a line to the south, thus
forming a longer squall line. The ambient shear favors anvil blowoff to the
north-northeast, along and ahead of the line. The older thunderstorms on
the northern ends of lines evolve into “extensive stratified cloud masses™;
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F1G. 34. Simplificd horizontal map of principal features of one type of midlatitude squall
line {(north at top of page). Solid lines show precipitating cloud (regions of heavier rain cores
hatched); dashed lines, the general anvil outline (which may be smaller or more extensive
depending on the age of the squall line). New cell formation is most likely inside dotted
boundaries, but may occur elsewhere. Inset shows most typical environmental winds, veering
between lower (V) and upper (V1)) levels, and characteristic movements of storms of different
sizes relatives to vector mean wind (V). From Newton and Fankhauser (1964).
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FiG. 35. Conceptual model of the 22 May 1976 Oklahoma squall-line system. Qutside
contour outlines radar echo. Heavy lines denote regions of more intense ccho. Light shading
indicates regions of system-relative horizontal wind component directed from right to left
relative to the system. Heavy shading shows jet of maximum horizontal wind from left to right.
System was propagating from right to left. These streamlines show two-dimensional relative
flow consistent with observed wind and echo structure. Hypothesized ice particle trajectories
are denoted by asterisks and broad white arrows. Environmental wind relative to the system
is indicated just ahead of the leading anvil echo. From Houze and Smull (1982).

however, an extensive stratiform precipitation area is not typically found
in this type of squall line.

In other situations, when the environment is characterized by a different
type of wind shear, midlatitude squall lines exhibit an extended region of
cloud and lighter precipitation behind the leading line of deep convection
(Newton, 1950; Fujita, 1955; Chisholm, 1973; Sanders and Paine, 1975;
Sanders and Emanuel, 1977; Ogura and Liou, 1980; Matejka and Srivastava
1981; Zipser and Matejka, 1982; Houze and Smull, 1982). This extended
trailing precipitation enlarges the overall precipitation area of the system
and gives it a continuous character of the type Fritsch et al. (1981) have
associated with MCCs (cf. Section 3.4). Radar analyses of the trailing pre-
cipitation (Matejka and Srivastava, 1981; Zipser and Matejka, 1982; Houze
and Smull, 1982} reveal that this trailing precipitation is similar to that
which occurs to the rear of tropical squall lines (Houze, 1977; Leary and
Houze, 1979b) in that it is highly stratiform, with an echo bright band in
the melting layer.

The isolated squall-line system, whose upper cloud is shown in Fig. 30,
was of the type that exhibited trailing stratiform precipitation. kts structure
is illustrated schematically in Fig. 35 in a vertical cross section along the
direction of propagation of the system. The structure depicted is inferred
from studies of composited sounding data (Ogura and Liou, 1980) and
detailed radar reflectivity and single-Doppler radar air motion fields (Houze
and Smull, 1982).

The airflow into the front of the system is depicted as rising first above
a gust front associated with downdraft outflow and then progressing into
a region of convective cells. A new cell, identified by a first echo aloft, is
shown at 60 km above the core of rising air, which was directed primarily
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into a weak-echo indentation on the leading side of a mature cell echo at
70 km. As the core of rising air approached the mature cell, it developed
a strong front-to-rear component of horizontal motion between 2 and 5
km. The core of the updraft was thus tilted substantially. Upon reaching
the tops of convective cells, the updraft air split into distinct components
directed to the front and rear of the system. The part directed forward
carried ice particles into the leading anvil. As the particles fell into the inflow
stream in mid levels, they were either evaporated or swept back into the
region of active cells.

Mature cells, such as the one at 70 km in Fig. 35, were followed by
dissipating cells, such as the one at 90 km, which is shown as having lost
its core of updraft air. The horizontal outflow of downdraft air was strongest
under mature cells, but was also seen under the dissipating cells. Conse-
quently, the forward-rushing downdraft air was seen at low levels throughout
the region of forming, mature, and dying cells (between 50 and 100 km in
Fig. 35).

The sequence of forming, mature, and dissipating cells at the leading
edge of the system is rather similar to that of the forward-propagating mul-
ticell thunderstorm depicted in Fig. 14. The thunderstorm structure along
the leading edge of the squall system may vary. QOccasionally—particularly,
early in the lifetime of a squall system—individual storms along the line
may develop rotation and take on the character of a supercell storm rather
than a multicell storm.

In the case illustrated in Fig. 35, Doppler observations showed that the
relative airflow in the stratiform region was everywhere directed from front
to rear, except at the very back edge of the system, where some inflow from
the rear occurred. The airflow through the squall system was particularly
interesting at mid levels, where a jet of maximum front-to-rear flow occurred
(heavily shaded region). Houze and Smull (1982) found that the largest
front-to-rear velocity components within this jet occurred near the front of
the system at the locations of the convective cells. The jet extended through
the trailing stratiform region, with magnitudes of velocity tapering off to-
ward the back edge of the system, where the jet met the midlevel inflow
from the rear. A rather similar horizontal velocity component field was
reported by Sanders and Paine (1975) and Sanders and Emanuel (1977).
The latter authors attributed the generation of the maximum horizontal
velocities primarily to horizontal pressure-gradient accelerations directed
into a mid-tropospheric mesolow, apparently of the type known to be char-
acteristic of MCCs. Houze and Smull (1982) noted that this jet was located
just above the melting layer and appears to have played a role in spreading
the trailing precipitation region out into a stratiform pattern. Houze (1981)
pointed out that a melting layer ~ 100-km wide, to the rear of a convective
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line that is propagating by the successive development of new cells at its
leading edge (as in the Oklahoma squall system depicted in Fig. 35), can
be explained by the relative horizontal motions of ice particles falling from
the tops of cells. The particles move in a relative sense toward the rear of
the system as a result of the continuing redefinition of the position of the
leading edge of the system by the formation of new cells. This effect was
exaggerated in the Oklahoma squall line by the jet of particularly strong
relative wind just above the melting layer. Hypothesized particle trajectories
arc indicated in Fig. 35.

The stratiform precipitation occasionally seen trailing midlatitude squall
lines thus appears to develop partly by the successive incorporation of old
cells into the trailing region (as noted by Sanders and Emanuel 1977) and
partly by rearward spreading of ice particles by the midlevel jet. In addition,
mesoscale lifting above the melting layer, indicated by Ogura and Liou’s
(1980) results and depicted schematically in Fig, 35, may contribute to the
development of the stratiform precipitation. Ogura and Liou’s results also
indicate that the air below the melting layer subsides in a mesoscale down-
draft. Matejka and Srivastava (1981) have confirmed this mesoscale up-
draft-downdraft structure with Doppler radar data obtained in the trailing
stratiform region of an Illinois squall line.

The mid- to upper-tropospheric mesoscale updraft and mid- to lower-
tropospheric mesoscale downdraft associated with a broad continuous area
of precipitation are consistent with the divergence and vertical motion pro-
files obtained for MCCs by Bosart and Sanders (1981) and Maddox (1981).
Distinguishing between the stratiform and convective portions of the squall
systems, however, has helped resolve and distinguish the different roles of
convective (cellular) and mesoscale components of motions. Further radar
studies should improve the understanding of this type of squall line and of
MCCs in general.

3.6. Effects of Downdraft Spreading

The downdrafts from a single thunderstorm, or from a group of thun-
derstorms occurring in an MCC or squall line, spread horizontally in the
boundary layer. Tn Sections 3.2 and 3.3.5, it was seen that downdraft spread-
ing serves as a mechanism for the discrete regeneration of multicell storms,
where downdrafts from older cells trigger new cells, and as a mechanism
of continuous regeneration for left- and right-moving supercell storms in
which the downdraft air continually spreads under the inflowing updratt
air. Below MCCs and squall-line systems, larger regions of cold air are
formed by the merger of the various downdrafts emanating from the nu-
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FIG. 36. Schematic drawings showing the airflow patterns associated with cold front, gust
front, downburst, and burst swath. From Fujita (1981).

merous thunderstorms embedded in these systems. These large pools of cool
air in the boundary layer account for the low-level mesohighs characterizing
these systems. Some effects of spreading downdrafts are discussed in the
following subsections. First, violent downdraft outflows characterized by
severe low-level winds are discussed in Section 3.6.1. Then the role of old
downdraft outflow boundaries from past or decaying storm systems in trig-
gering new storms is described in Section 3.6.2.

3.6.1. Nontornadic Severe Winds. As noted in Section 3.1, strong winds
that can classify a thunderstorm as “severe” can be associated with down-
drafts as well as tornadoes. Fujita (1981} has classified downdraft winds
according to horizontal scale (Fig. 36b-d). His classification has been de-
termined largely from studying patterns of surface damage. Debris and fall
patterns of certain flora left on the ground by downdraft winds are distin-
guishable from those left by tornadoes since the downdraft patterns reflect
divergent flow, while tornadic damage reflects convergent flow.

The largest thunderstorm wind pattern is the “straight-line wind” asso-
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ciated with the gust front marking the leading edge of the mesohigh of a
squall-line system (cf. Figs. 32 and 36). Fujita (1981) reports, however, that
“against our expectations, the damage by straight-line winds behind these
gust fronts turned out to be minimal.” Instead, damage is concentrated in
“downbursts” (referred to earlier as “pressure noses” by Byers and Braham,
1949) which are ~10 km or less in horizontal dimension and occur spo-
radically at points along the gust front. Smaller scale downbursts are referred
to as “microbursts.”” Emanuel (1981) has suggested that downbursts are a
manifestation of unsaturated downdraft instability of the type that he has
described theoretically. Within a downburst, a concentrated “burst swath,”
<1 km in dimension, can occur. Fujita (1981) notes further that a downburst
can occur along a supercell gust front as well as along a squall-line and that
downbursts along supercell gust fronts, by virtue of the rotational flow of
the supercell, have a “twisting airflow™ at the surface rather than the purely
divergent flow depicted in Fig. 36. Further damage can occur when tor-
nadoes are generated at the lateral boundaries of downbursts (Fig. 9a).

When a downburst occurs along a squall-line gust front, as in Fig. 36,
the radar echo of the leading line of thunderstorms juts out ahead of the
main squall line to form a “bow echo.” The relationship of the bow echo
and downburst airflow is discussed by Fujita (1981). As pointed out in
Section 2.6, the bow echoes associated with downbursts appears to have a
counterpart in the “boomerang echoes” associated with strong cold fronts
(Fig. 9b).

3.6.2. Are Cloud Lines and Triggering of New Storms. Satellite studies
{Purdom, 1973, 1979; Purdom and Marcus, 1982) show that the boundaries
of downdraft outflows from thunderstorms or thunderstorm complexes can
maintain their identities as arc-shaped lines of cumulus clouds for several
hours after the storms that produced the downdrafts have dissipated. These
lines can trigger new deep convective development up to 200 km from the
location of the original storm. A great proportion of new deep convective
developments occur where propagating arc lines intersect each other or
where an arc line encounters preexisting convection (Purdom and Marcus,
1982). Aircraft data show that the arc lines contain some lightly precipitating
cumulus (Sinclair and Purdom, 1982). However, these lines are mostly
invisible to radar. Thus new deep convection triggered by an arc ling may
seem to appear at a random location on radar. However, in satellite data
the location of development can often be anticipated by observing the his-
tory of the arc lines. Perhaps some of the simultancous cell-formation events
in the Thunderstorm Project, noted by Byers (1959) to be unexplainable
in terms of locally preexisting cells {see Section 3.2), were occurring along
outflow boundaries from previous, distant thunderstorms.

The ability of the arc lines to maintain themselves for several hours, while
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traveling great distances from the sites of their originating storms, is not
readily explained. Sinclair and Purdom (1982) suggest that subcloud evap-
oration of the light rain from some of the cumulus along the line plays a
role. Observations of arc cloud lines emanating from cumulonimbus, pos-
sibly being perpetuated by precipitation showers along the line, and con-
tributing to the development of new storms, have also been made in the
tropics (Warner et al., 1979, see also review of Houze and Betts, 1981).

4. TROPICAL CLOUD SYSTEMS

4.1. The Spectrum of Clouds in the Tropics

Clouds in the tropics occur in a spectrum of sizes ranging from small
isolated cumulus to large “cloud clusters.” The cloud clusters are identified
in satellite pictures by their mesoscale cirrus shields, each shield being
~100-1000 km in dimension (Fig. 37). Statistical studies indicate that the
tropical cloud spectrum, whether measured in terms of heights, areas, du-
rations, or rainfall rates, tends to be distributed log-normally (see review of
Houze and Betts, 1981). That is, smaller, isolated cumulus and cumulonim-
bus greatly outnumber cloud clusters. Nevertheless, the cloud clusters, owing
to their size, dominate the mean cloudiness and total precipitation of the
tropics.

The cloud clusters resemble midlatitude MCCs in being identified by
their large cirrus canopies. They contain continuous rain areas covering up
to 5 X 10* km?2. The cirrus shields of cloud clusters are typically not as cold
as required by Maddox’s (1980b) criteria for midiatitude MCCs (Table I)":
however, they are of the same scale and qualitatively rather similar. The
tropical systems could be called tropical MCCs. However, the term “cloud
cluster,” which emerged from early satellite studies of tropical cloudiness
(e.g., Frank, 1970; Martin and Suomi, 1972), has become traditional, and
for the present we retain its usage.

Cloud clusters generally have lifetimes of a day or less (Martin, 1975;
Martin and Schreiner, 1981) and are confined to a very low latitudes, Oc-
casionally, however, a cluster evolves into a longer lived tropical storm or
hurricane,® which can move out of the tropics into midlatitudes. Since large,

’ The somewhat weaker cloud shields in the tropics are probably a result of the convection
over tropical oceans being generally weaker than extratropical continental convection (see
comments of Zipser and LeMone, 1980; Simpson and van Helvoirt, 1980; and Simpson ef al.,
1982).

¥ According to the “Glossary of Meteorology” (Huschke, 1959, p. 593), a “hurricane” (in
the Atlantic, Caribbean, and Gulf of Mexico) or “‘typhoon” (in the Pacific) is a cyclone that
originates over tropical oceans and attains a maximum wind of 65 knots or higher. In extreme
cases such storms attain maximum winds of 175 knots or more. In this paper, we use the term
hurricane to include the typhoon and other local names for the same phenomenon.
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precipitating cloud systems are the subject of the present article, we shall
concentrate the remainder of our discussion on cloud clusters and hur-
ricanes.

Knowledge of cloud clusters has expanded greatly during the past decade
as an outcome of international field experiments conducted during the
1960s and 1970s. The most ambitious of these were the Global Atmospheric
Research Program’s Atlantic Tropical (GATE) and Monscon (MONEX)
experiments. GATE was carried out over the eastern tropical Atlantic in
the summer of 1974, and MONEX was held over the South China Sea near
Malaysia and Indonesia in the winter of 1978-1979 and in the regions of
the Arabian Sea and Bay of Bengal in the summer of 1979. In addition to
this work, the U.S. National Oceanic and Atmospheric Administration
(NOAA) conducts ongoing research on hurricanes. Their studies involve
both storm modeling and observations obtained by extensive aircraft pen-
etration of hurricanes. In the last several vears, the instrumentation on
NOAA research aircraft has improved sufficiently to have produced a new
generation of hurricane data that promises to revolutionize the understand-
ing of these storms.

Characteristics of clouds observed in GATE have been reviewed in detail
by Houze and Betts (1981). Cloud clusters have been further examined by
Houze (1982). To avoid redundancy with these papers as much as possible,
we shall concentrate here on GATE, MONEX, and hurricane studies that
have been completed since 1980.

4.2. Types of Cloud Clusters

Two types of cloud clusters are generally recognized. Squall clusters are
associated with tropical squall lines of the type identified by Hamilton and
Archbold (1945) and Zipser (1969). They are notable in geosynchronous
satellite imagery by their rapid propagation (15 m/sec), explosive growth,
high brightness, and distinct convex leading edge (Martin, 1975; Aspliden
et al., 1976; Payne and McGarry, 1977; Martin and Schreiner, 1981). Non-
squall clusters travel more slowly than squall clusters (typically only a few
meters per second) and do not possess the distinctive oval cirrus shield or
arc-shaped leading edge of squall systems. A squall cluster is seen over Africa
at lat 15° N, long 17° W in Fig. 37. The other clusters seen in the figure are
nonsquall clusters. The importance of nonsquall clusters lies in their sheer
number. They are the predominant type of cloud cluster in the tropics. The
more dramatic squall clusters are relatively rare. However, the well-defined
structure and motion they possess make them more amenable to study, and
much attention has been devoted to squall clusters in the literature. Despite
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differences in motion and appearance in satellite data, squall and nonsquall
clusters exhibit strong similarities in other aspects of their structure—both
to each other and to midlatitude convective complexes. Thus, much of the
understanding gained in studies of both types of clusters is consequently
applicable to a general understanding of mesoscale convective systems. In
Sections 4.3 and 4.4 below, the structures of squall and nonsquall clusters
are described in turn, and their similarities to each other and to midlatitude
systems are pointed out in Section 4.5. Hurricanes are treated in Sec-
tion 4.6.

4.3. Squall-Line Cloud Clusters

The tropical squall line (or “disturbance line’") was first described as a
distinct meteorological phenomenon by Hamilton and Archbold (1945).
The first documentation of a tropical squall line observed during an or-
ganized field experiment was presented by Zipser (1969). More recent field
experiments have revealed further details of these systems (Betts ef al., 1976;
Zipser, 1977, Houze, 1977, Leary and Houze, 1979b; Fortune, 1980). Houze
and Betts (1981) summarized knowledge accumulated from this past work.
The squall line is found to be part of a propagating mesoscale disturbance,
namely, the “squall-line cloud cluster’” or simply the “squall cluster.” As
in the midlatitude squall system (Section 3.5, Fig. 35), the squall line is the
leading portion of the disturbance and consists of cumulonimbus line ele-
ments (or cells), while an extensive, precipitating mid- to upper-level sirat-
iform cloud shield, or “anvil cloud” (as defined by Brown, 1979), trails the
squall line (Fig. 38).

The convective elements composing the squall line contain buoyant up-
drafts that carry air of high moist static energy from the boundary layer to
the upper troposphere. As in the midlatitude squall line, the tropical squall
line tends to travel by a combination of translation and discrete propagation,
wherein new cells systematically form on the leading edge of the system.
Asthe cells mature, they become the main cells of the squall line. Dissipating
cells occur to the rear of the mature cells,

Although similar in spatial arrangement and propagation, the cells of the
tropical squall line are typically weaker than those of midlatitude squall
lings. The cells in the midlatitude case described in Fig, 34 appeared with
a first echo well aloft, exhibited weak-echo regions in zones between the
first echoes and mature cells, and contained peak reflectivities centered aloft.
The cells in the tropical squall line, on the other hand, exhibit peak echo
intensities at low levels as a result of their weaker updrafts (Caracena ef al.,
1979; Zipser and LeMone, 1980; Szoke and Zipser, 1981; Cheng, 1981).
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FiG. 38. Schematic of a typical cross section through a tropical squall system. Dashed stream-
lines show convective-scale updraft and downdraft motions associated with the mature squall-
line element. Wide solid arrows show mesoscale downdraft circulation. Wide dashed arrows
show mesoscale updraft circulation. Dark shading shows strong radar echo in the melting band
and in the heavy precipitation zone of the mature squall-line element. Light shading shows
weaker radar echoes. Scalloped line indicates visible cloud boundary. Adapted from Houze
(1977).

Negatively buoyant downdrafts associated with the convective towers of
the tropical squall line carry air of low moist static energy downward from
the low to middle troposphere into the boundary layer. A portion of this
convective downdraft air spreads forward and produces a gust front at the
leading edge of the mesoscale system, similar to the gust front at the leading
edge of the midlatitude squall system (Figs. 33, 35, and 36). Another portion
of this convective downdraft air spreads rearward, leaving an extensive wake
of cool, stable air in the boundary layer.

The trailing anvil region of the squall cluster, in contrast to the leading
line of convective cells, has a predominantly stratiform structure. As noted
in Fig. 38, the cloud and precipitation in this region tend to be horizontally
uniform, with distinct vertical layering. Precipitation particles in the upper
portions of the anvil cloud are initially in the form of ice particles, which
grow as they drift downward until they melt in a shallow layer and then
evaporate partially while falling as rain through unsaturated air below the
base of the anvil. Most of the ice particles are probably generated in the
tops of convective cells located along the leading squall line. These particles
then move, in a relative sense, toward the rear of the system as a result of
the continuing redefinition of the position of the leading edge of the system
by the formation of new cells (as suggested by Houze, 1981). The airflow
at anvil levels apparently aids in this process. Chen and Zipser (1982) have
shown the existence of a midlevel jet of front-to-rear flow emanating from
the cells just above the height of the melting level in a tropical squall system
in a position somewhat similar to the jet shown by Houze and Smull (1982)
and Zipser and Matejka (1982) to be spreading ice particles back into the
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stratiform region of a midlatitude squall system (Fig. 35). The layer in which
the ice particles melt afier they are spread rearward into the anvil region
appears on radar as a bright band of the type normally associated with
stratiform precipitation. The bright-band region behind tropical squall lines
appears to be wider than that behind midlatitude squall lines. Bright-band
regions behind tropical squall lines can be 200 km across (Houze, 1977
Rappaport, 1982), while those behind midlatitude squall lines appear to be
~100 km in most cases. The reason for this difference is not yet understeod.

The vertical air motions in the trailing anvil region of the squall cluster
are widespread, generally nonconvective, and on the order of tens of cen-
timeters per second. Downward motion occurs below the base of the anvil,
while rising motion occurs within the anvil cloud itself (Fig. 38). Widespread
subsidence below the anvil was first shown to exist from observed penetra-
tion of low moist static energy to low levels throughout the anvil region
(Zipser, 1969). Its magnitude was determined from observed low-level di-
vergence (Zipser, 1977), and Brown (1979) successfully simulated the down-
draft below the anvil in a mesoscale model.

The existence of the mesoscale updraft in the tropical squall-line anvil
has been more difficult to establish firmly, although its existence has been
indicated indirectly by a variety of evidence (see discussion by Houze and
Betts, 1981). Recently, however, Gamache and Houze (1982) have dem-
onstrated the existence of the mesoscale updraft and computed its magni-
tude by using time-to-space conversion to group wind soundings in relation
to the radar echo pattern of a squall line observed in GATE. The ability
of the radar to identify the horizontally uniform precipitation falling from
the anvil and distinguish it from the intense vertical cells that characterize
the squall line made it possible to locate wind observations with respect to
the squall-line (i.e., convective) and anvil (i.e., stratiform) regions separately.
From the wind pattern in the radar-delineated anvil area, the vertical profiles
of divergence within and below the anvil were obtained, and from these
profiles the vertical velocities in the mesoscale anvil updrafts and downdrafts
were determined (solid curve in Fig. 39). The mesoscale updraft above the
base of the anvil cloud (~650 mbar) and the downdraft below are both
clearly shown. The vertical velocity profile determined from the winds in
the squall-line region is also shown (dashed cuve in Fig. 39a). It was the
result of convective updrafts and downdrafts as shown in Fig. 39b. The
squall-line region was characterized by boundary-layer convergence feeding
the deep convective updrafts. The convective downdrafts spreading out in
the boundary layer intensified the low-level convergence feeding the con-
vective updrafts. The circulation in the anvil region, on the other hand, was
characterized by midlevel convergence supporting both the mesoscale up-
draft within the anvil cloud and the mesoscale downdraft below. This
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midlevel convergence is probably akin to that associated with midlatitude
MCCs (Section 3.4). However, the mesoscale divergence and vertical ve-
locity pattern determined for the MCCs was not decomposed into separate
convective and stratiform components and is therefore probably a mixture
of convective and stratiform motion (as is the combined squall-line plus
anvil region curve shown for the tropical system by the dotted line in Fig.
39a). Further work using radar observations to delineate the stratiform and
convective components of the midlatitude MCCs might shed light on the
dynamics of the midlatitude complexes and their similarities to tropical
systems.

4.4. Nonsquall Cloud Clusters

Beneath the large cirrus shield that identifies a cloud cluster in a satellite
picture, there is typically found one or more mesoscale rain areas, each
altaining a maximum horizontal dimension ~100-500 km. Leary and
Houze (1979a) extended the conceptual model of a tropical squall-line sys-
tem (Fig. 38) to describe the structure and behavior of these rain areas. They
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arrived at the more general concept of a “mesoscale precipitation feature™
{MPF), of which the rain area of a squall cluster is an example, but which
also applies to the rain areas of nonsquall clusters. This model has heen
¢laborated on by Zipser (1980), Houze and Betts (1981), and Houze (1982).

Squall clusters and some nonsquall clusters contain just one MPF, while
other clusters contain several MPFs interconnected by a common mid- to
upper-level cloud shield. Intersections and mergers of the MPFs can add
complexity to the precipitation pattern of the cluster. However, Leary and
Houze (1979a) found that when the individual MPFs making up the pattern
are identified and followed closely in time, they each exhibit a life cycle
similar to that of a squall-line MPF.

To illustrate this life cycle, we use as an example nonsquall clusters that
were observed over the South China Sea during winter MONEX (Houze
et al., 1981a; Johnson and Priegnitz, 1981; Johnson, 1982; Churchill, 1982).
These clusters formed diurnally off the northern coast of Borneo and typ-
ically contained one MPF (Fig. 40), which progressed through the stages of
the life cycle identified by Leary and Houze (1979a).

The formative stage of an MPF is initiated with an imposed mesoscale
convergence at low levels {(Zipser, 1980). This convergence may be asso-
ciated with a downdraft outflow boundary from a previous cloud cluster
{e.g., Houze, 1977; Fortune, 1980), a confluence line in a larger scale flow
{e.g., Zipser and Gautier, 1978), or some other feature that intensifies con-
vergence locally. The winter monsoon clusters used as an example here are
triggered by the convergence of the nocturnal land breeze from Borneo with
the large-scale northeasterly monsoon flow over the South China Sea (Fig,
402). The triggering of convection by low-level convergence is followed by
the growth of several discrete cumulonimbus elements, which may be ran-
domly distributed in a group or arranged in a line. This initial spatial ar-
rangement probably depends on the form of the initiating convergence.

The intensifying stage of the MPF is not shown explicitly in Fig. 40. Tt
corresponds to the period of transition between Figs. 40a and b. During this
stage, older convective elements grow and merge while newer elements
continue to form. Gradually, this process leads to a large continuous rain
area composed of convective cells interconnected by stratiform precipitation
of moderate intensity falling from a spreading mid- to upper-level stratiform
cloud shield.

The mature stage of the MPF 1s reached when the stratiform precipitation
between cells becomes quite extensive, covering areas 100-200 km in hor-
izontal dimension (region between cells in Fig. 40b). This stratiform pre-
cipitation resembles that associated with the anvil clouds of squall clusters.
Associated with the stratiform precipitation region of a nonsquall MPF,
moreover, are a mesoscale downdraft below the melting level and a me-
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soscale updraft above, similar to those of squall-line anvils. For evidence
of these mesoscale motions in the stratiform regions of nonsquall clusters,
see Zipser and Gautier (1978), Leary and Houze (1979a), Zipser et al.
('1981), Houze and Betts (1981), Johnson and Priegnitz (1981), Johnson
(1982), and Churchill (1982).



296 ROBERT A. HOUZE, JR. AND PETER V. HOBBS

In the dissipating stage of a cluster’s MPF, the formation of new con-
vective cells diminishes. However, the feature can persist for several hours
as a region of mostly mid- to upper-level cloud, with continuing light pre-
cipitation or virga (Fig. 40c¢).

4.5. Generalized Cloud Cluster Structure

The ability of the Leary—-Houze conceptual model to describe the evo-
lution of both squall and nonsquall mesoscale precipitation features is sup-
ported by studies of the development of precipitation in both types of clus-
ters (Fig. 41). In each case, the rainfall is dominated in the formative stage
of the MPF by convective cells. However, as the upper cloud shield develops
(during the intensifying stage) the stratiform precipitation begins to account
for a large proportion of the total precipitation from the MPF. By the mature
stage, the stratiform component can equal or surpass the convective com-
ponent. The stratiform component continues to be strong into the dissi-
pating stage, although both the convective and stratiform components grad-
vally weaken. In the squall case shown in Fig. 41a, the integrated stratiform
component accounted for 40% of the total rain, whereas in the nonsquall
cases in Fig. 41b,c the stratiform rain accounted for 30% and 50% of the
totals, respectively. Similar results have becn obtained for other squall clus-
ters by Gamache and Houze (1981) and Rappaport (1982). They found
stratiform totals of 57% and 42%, respectively. Zipser et al. (1981) found
essentially similar results for a nonsquall cluster.

The quantitative similarity of the squall and nonsquall precipitation
curves, together with the descriptive similarities of squall and nonsquall
MPFs noted by Leary and Houze (1979a), allows certain generalizations to
be made about the mesoscale structure of tropical cloud clusters. To the
extent that midlatitude MCCs are similar to tropical cloud clusters, these
generalizations also apply to those systems as well.

Consider a cluster containing a single MPF in its mature stage. Whether
a squall cluster (Fig. 38) or a nonsquall cluster (Fig. 40b), the MPF consists
partly of convective cells and partly of stratiform precipitation falling from
a mid- to upper-level cloud shield. The mature midlatitude squall system
(Fig. 35) also exhibits this structure, and it is likely that nonsquall midlati-
tude MCCs do also. However, this latter possibility awaits confirmation by
detailed radar studies to distinguish the convective and stratiform compo-
nents of midlatitude MCCs.

From the observed structures of mature MPFs in tropical cloud clusters,
Houze (1982) has computed the net sensible heating in a large-scale area
(2 X 10° km?) containing an idealized cluster (Fig. 42). The heating asso-
ciated with the convective cells is dominated by the latent-heat release in
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FiG. 41. Time vanation of total rain integrated over areas covered by the convective and
nonconvective regions of (a) a squall cluster and {(b) and (¢) two nonsquall clusters. The squall-
line case is from Houze (1977). The nonsquall cases are from Leary (1981) and Churchill

(1982).

the deep convective updrafts. This convective heating is distributed through
the full depth of the troposphere (dashed curve in Fig. 42). To this heating
is added the heating and cooling associated with the stratiform regions of
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(solid curve). The total heating by the convective towers in the cluster (dashed curve) is shown
for comparison. From Houze (1982},

the cluster. Latent heat released by condensation in the mesoscale updraft
in the mid- to upper-tropospheric cloud shield (e.g., Fig. 40b) together with
net radiative absorption in the cloud shield (daytime conditions were as-
sumed} increases the total heating aloft (upper part of solid curve in Fig.
42). Cooling associated with melting and evaporation in the mesoscale
downdraft region of the stratiform precipitation area (e.g., Fig. 40b} de-
creased the total heating in the lower troposphere (lower part of solid curve
in Fig. 42).

From these calculations, it is apparent that in considering the effects of
mesoscale convective systems on their environments, the structure of the
mesoscale stratiform clouds and precipitation that develop in association
with these systems must be considered. Moreover, when they are considered,
results such as those indicated by the solid curve in Fig. 42 are obtained,
indicating that the net effect of a mature cluster (or MCC) on its environ-
ment should be felt most strongly in the mid to upper troposphere, where
the convective, stratiformm and radiative processes reinforce to produce
strong heating. Large-scale vertical velocity profiles (Houze, 1982) and hor-
izontal wind fields (Esbensen et al., 1982) in the vicinities of GATE cloud
clusters conform to this expectation. Strong responses also have been noted
in the upper-level wind fields around mature midlatitude MCCs (Nimo-
miya, 1971a,b; Maddox, 1980a, 1981; Fritsch and Maddox, 1981a; Maddox
et al., 1981; cf. Section 3.4).

In generalizing about the structure of cloud clusters and midlatitude
MCCs, we have emphasized the development of mesoscale stratiform struc-
tures, which accompany the development of deep convection in these sys-
tems. Whilc making these generalizations, we must, at the same time, rec-
ognize and try to understand the fundamental differences between squall
and nonsquall systems and tropical and midlatitude systems. For example,
why do squall systems propagate while nonsquall systems do not? For some
discussion of this problem, see Houze and Betts (1981). Such differences
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FIG. 43. Visible satellite image of Hurricane Allen, 2123 GMT, 8 August 1980. Photograph
provided by the National Hurricane Research Laboratory.

appear to be more than incidental. For example, Zipser (1971) has pointed
out that tropical squall-line clusters may be relatively ineffective at influ-
encing large-scale development, whereas nonsquall clusters tend to produce
positive feedbacks. His speculation, moreover, appears to be borne out by
mesoscale hurricane modeling results (Roserthal, 1980). Clearly, much
work lies ahead to sort out the various similarities and differences among
these mesoscale systems and their effects on larger scales of motion.
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SYMMETRIC

ASYMMETRIC

{a)

FIG. 45. Schematic horizontal radar echo pattern in asymmetric and symmetric hurricanes.
Shading thresholds are for echo intensities of 30 and 40 dBZ. Hurricane symbol is located at
the center of the wind circulation. Symmetric storm is patterned after hurricanes Anita (1977),
David (1979), and Allen (1980). Asymmetric storm is patterned after hurricanes Frederick
(£979), Floyd (1981), Gert (1981), and Irene (1981). From Jorgensen (1982a).

4.6. Hurricanes

A small fraction of tropical cloud clusters are associated with disturbances
that develop into hurricanes (Frank, 1970). When hurricane development
occurs, upper-level winds take on a high degree of anticyclonic rotation,
and the upper cloud shield of the initial cluster becomes circular. In well-
defined storms, a clear spot or “eye” is found near the center of the cloud
shield (e.g., Fig. 43). The precipitation falling from the hurricane cloud
shield is generally concentrated in a mesoscale “eyewall rainband,” which
surrounds the eye of the storm, and in several mesoscale “outer rainbands.”
Examples of rainbands in several mature hurricanes are shown in Fig. 44.
Lighter precipitation occurs throughout much of the area between rain-
bands. Early papers on rainbands in hurricanes include Maynard (1945),
Wexler (1947), Kessler and Atlas (1956), Senn and Hiser (1959), Atlas et
al. (1963), Fujita et al. (1967), and Gentry et al. (1970).

FiG. 44. Radar reflectivity patterns showing structure of precipitation in four mature hur-
ricanes. Data obtained with radars aboard National Oceanic and Atmospheric Administration
research aircraft on (a) 12 September 1979 in Hurricane Frederick, (b) 30 August 1979 in
Hurricane David, (c) 5 August 1980 in Hurricane Allen, and (d) 8 August 1980 in Hurricane
Allen. Photographs provided by the National Research Laboratory.
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That deep convection is important to the development of the hurricane
through cooperative interaction between the convection and larger scale
flow is well known from the classic work of Qoyama (1964) and Charney
and FEliassen (1964).° Accordingly, the precipitation in the rainbands ex-
hibits a high degree of convective character. However, the precipitation can
also be partly stratiform, with well-defined melting layers (as evidenced by
radar bright bands) occurring over considerable portions of the storm (Atlas
et al., 1963; Black ¢f al., 1972; Hawkins and Imbembo, 1976). The latter
two studies did not indicate specifically whether the observed bright bands
were within rainbands or in the regions of lighter rain between bands. The
observations of Atlas ef al. (1963), however, were obtained in outer rain-
bands. These bands were composed of convective cells at one end, with
their remaining portions being stratiform. The presence of mesoscale rain-
bands, partly stratiform in character, suggests similarity between hurricane
precipitation processes and those of cloud clusters {(Sections 4,1-4.5).

Current study of hurricanes is being directed toward better understanding
of both the cyewall and outer rainbands, particularly regarding their con-
vective versus stratiform structure, their similarities to cloud-cluster precip-
itation features, and their dynamics. Radar observations indicate two ap-
parent modes of rainband organization (Jorgensen, 1982a,b), “Symmetric”
hurricanes (Fig. 45b) are characterized by a closed circular eyewall rainband.
The center of the wind circulation is located in the center of the circle
defined by the eyewall rainband, while the outer rainbands take on various
forms (convective, stratiform, spiral, concentric). “Asymmetric” hurricanes
(Fig. 45a) have an eyewall rainband that is not closed. Quter rainbands in
these storms tend to be more spiral than concentric, and the center of the
wind circulation is not coincident with the geometric center of curvature
of the eyewall but is displaced toward the eyewall. An example of asym-
metric hurricane structure is shown in Fig. 44a, while symmetric structures
may be seen in Fig. 44b-d.

The eyewall rainband in a symmetric storm is often observed to contract;
that is, it propagates toward the center of the storm and thus shrinks (Marks,
1981; Willoughby et al., 1982). As the eyewall rainband contracts, the cen-
tral pressure of the storm lowers. After 1-2 days, the radius of the eyewall
band reaches its minimum size, and as the band disappears, it is replaced
by a new evewall rainband at a radius of about 50150 km and the central
pressure of the storm rises (note the old eyewall band near the storm center
and the new one farther out shown schematically in Fig. 45b and by actual
examples in Fig. 45b,c). The life cycle of the eyewall band is then repeated.
Thus, a symmetric storm is often characterized by a succession of shrinking
eyewall rainbands and a pulsating central pressure.

? For a comprehenstve review of hurricane dynamics, see Anthes (1974, 1982).
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A theoretical explanation for the propagation of the symmetric eyewall
rainbands inward has been suggested by Shapiro and Willoughby (1982).
In earlier work, Shea and Gray {1973) showed that the maximum vertical
motion (and hence the maximum cloud and precipitation development)
associated with eyewalls is consistently located close to the radius of max-
imum wind. The rising motion in the eyewall region is associated with the
convergence at low levels of radial inflow and outwardly directed compo-
nents of supergradient flow within the eye. Shapiro and Willoughby explain
the inward propagation of this eyewall structure in symmetric storms as a
secondary-circulation response to a point source of heat placed near the
radius of maximum wind in a hurricane-like vortex. In that idealized sit-
uation, temporal increases in tangential wind are greatest just inside the
radius of maximum wind. This effect leads to contraction of the zone of
maximum wind as the vortex intensifics. Willoughby er al. (1982) find
observational support for this theory in data from recent hurricane flights.
The eyewall rainbands of asymmetric storms do not appear to shrink and
undergo the life cycle exhibited by the symmetric eyewall rainbands. A
satisfactory explanation for this difference between symmetric and asym-
metric storms has not yet been obtained.

Jorgensen (1981, 1982a,b) has compiled radar, wind, thermodynamic,
and cloud-physics measurements from flights through eyewall and outer
rainbands. A schematic cross section through the eyewall region of a sym-
metric storm (Fig, 46) summarizes his findings. Air flowing radially inward
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FiG. 46. Schematic vertical cross section through north-northwestern section of hurricane
Allen (1980). See. Figs. 42 and 43c for horizontal views. From Jorgensen (1982b).
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meets radial outflow from the eye (between 30 and 35 km radius) and rises
along an outward-sloping mean streamline pattern. Superimposed on the
mean upslope motion are intense convective updraft cores. The sloping
tangential wind maximum also shown is accounted for by conservation of
absolute angular momentum of the low-ievel inflow, which turns upward
in the eyewall convergent zone. Fallout of precipitation initiated in the
upward flow above the tangential wind maximum accounts for the sloping
radar echo core below the wind maximum. Convective downdraft cores
occur in the core of heavy rain. The maximum echo intensity occurs at low
levels, as in the convective echoes of tropical cloud clusters (Houze, 1977;
Leary and Houze, 1979a; Caracena et al., 1979; Zipser and LeMone, 1980;
Szoke and Zipser, 1981; Cheng, 1981). A region of stratiform precipitation
characterized by a well-defined melting layer occurs adjacent to and just
outside the convective eyewall zone. Similarities in the patterns of circu-
lation, cloud and precipitation in Fig. 46 to those of the squall-line cloud
cluster (Fig. 38) and the midlatitude squall system (Fig. 35) are striking.
Jorgensen (1981, 1982a,b) finds the structure depicted in Fig. 46 to be
characteristic of the eyewall rainbands of both symmetric and asymmetric
storms. Less is known about outer rainbands. Jorgensen {1982a,b) finds that
some outer bands resemble eyewall rainbands. However, a variety of struc-
tures occur: some are purely stratiform, others cqnvective; whereas some,
such as those reported by Atlas et al. (1963) are a mixture of convective
and stratiform structure.

5. CONCLUSIONS

In this article, we have surveyed the major types of cloud systems that
contribute to precipitation over the earth. A common attribute of these
systems is their tendency to become organized on the mesoscale. In extra-
tropical cyclones, this organization is manifested in mesoscale rainbands.
In deep convective cloud systems, mesoscale organization is apparent in the
tendency for cumulonimbus elements to occur in groups, which in turn
drive mesoscale circulations, with which are associated mid- to upper-level
cloud shields, stratiform precipitation, melting layers, mesohighs and -lows,
gust fronts, and arc lines. Mesoscale systems driven by deep convection
include midlatitude mesoscale convective complexes and squall lines, trop-
ical squall and nonsquall cloud clusters, and hurricane rainbands.

In the case of frontal rainbands, progress has been made in classifying
the various types of bands that occur and in documenting their basic air
motions and cloud microphysical processes. In the case of deep convective
phenomena, progress has been made in understanding the basic modes of
cumulonimbus structure and dynamics, particularly in the identification of
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the splitting mechanism and subsequent development of rotation that occurs
in the evolution of supercell thunderstorms, and in describing the evolution
of groups of deep convective thunderstorms into mesoscale systems. In these
descriptions, intriguing similarities are seen among midlatitude and tropical
systems—compare, for example, the midlatitude squall-line system (Fig.
35), the tropical squall cluster (Fig. 38), and the hurricane eyewall rainband
(Fig. 46).

Further progress can be made in nearly all aspects of the mesoscale or-
ganization of frontal and deep convective cloud systems. Certain outstand-
ing problems, however, seem to be particularly wanting, and in closing we
take special note of these.

The question of the origin of frontal rainbands remains unresolved. That
is, the basic reasons for precipitation to become enhanced in mesoscale
bands have not yet been identified. As was pointed out in Section 2, several
dynamical instability mechanisms can act on the scale of the rainbands;
however, the association of specific instabilities with specific types of rain-
bands has not been satisfactorily accomplished.

In the case of mesoscale systems associated with deep convection, prob-
lems remain in comparing midlatitude and tropical systems. In the tropics,
radar observations have been used to distinguish between convective and
stratiform regions of mesoscale systems, and as a result the deep convective
and mesoscale stratiform components of the air motions in these systems
have been identified. Similar radar work with midlatitude mesoscale con-
vective complexes and squall lines should be carried out to improve the
understanding of the midlatitude systems and make possible their com-
parison with tropical systems. For both the tropical and midlatitude me-
soscale convective systems, a better understanding of their life cycles should
be sought. Mesoscale models, such as those of Brown (1974, 1979), Kreitz-
berg and Perkey (1977), Fritsch and Chappell (1980), and Fritsch and Mad-
dox (1981b), together with the presently available descriptive studies, give
glimpses of understanding; but further work, both observational and theo-
retical, is needed to understand fully the chain of events involved in the
development of the mesoscale mid- to upper-level cloud and stratiform
precipitation that accompanies deep mesoscale convective systems in their
mature stages.

We look forward to intensive research on mesoscale cloud systems in
upcoming years. Better understanding of the mesoscale phenomena we have
described in this article will contribute to the basic understanding of pre-
cipitation processes in the atmosphere, and will have benefits to society
ranging from improved detailed weather forecasting to better general-cir-
culation models and improved management of water resources on local,
regional, and global scales.
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