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Part 7.  Conceptual Models of Cumulonimbi 
 

7.1  Ordinary Cumulonimbus Clouds 
 
The ordinary cumulonimbus cloud or thunderstorm is distinguished by a 
well-defined lifecycle, illustrated in Figure 7.1 that lasts 45 minutes to one 
hour.  Figure 7.1a illustrates the growth stage of the system.  The growth 
stage is characterized by the development of towering cumulus clouds, 
generally in a region of low-level convergence of warm, moist air.  Often 
during the growth stage, towering cumulus clouds merge to form a larger 
cloud system, or a vigorous cumulus cloud expands to a larger cloud.  
During the growth stage, updrafts dominate the cloud system and 
precipitation may be just beginning in the upper levels of the convective 
towers.  The characteristics of the clouds during the growth stage of a 
thunderstorm are essentially indistinguishable from those of towering 
cumulus clouds.  The only difference is that the towering cumulus clouds 
may be a bit more clustered together and the updrafts stronger. The mature 
stage of a cumulonimbus cloud commences with rain settling in the sub-
cloud layer.  Upon encountering the surface, the downdraft air spreads 
horizontally, where it can lift the warm moist air into the cloud system.  At 
the interface between the cool, dense downdraft air and the warm, moist air, 
a gust front forms.  Surface winds at the gust front are squally rapidly 
changing direction and speed.  The warm, moist air lifted by the gust front 
provides the fuel for maintaining vigorous updrafts.  Upon encountering the 
extreme stability at the top of the troposphere, called the tropopause, the 
updrafts spread horizontally, spewing ice crystals and other cloud debris 
horizontally to form an anvil cloud. In many cases, the updrafts are strong 
enough that they penetrate into the lower stratosphere, creating a cloud 
dome.  
 
Water loading and the entrainment of dry environmental air into the storm 
generate downdrafts in the cloud interior, which rapidly transport 
precipitation particles to the sub-cloud layer.  The precipitation particles 
transported to the sub-cloud layer partially evaporate, further chilling 
the sub-cloud air and strengthening the low-level outflow and gust front. 
Thus, continued uplift of warm, moist air into the cloud system is sustained 
during the mature stage.  Lowering of pressure at middle-levels in the storm 
as a result of warming by latent-heat release and diverging air flow results 
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Ordinary Cb Lifecycle 
 

 
 

Figure 7.1:  Schematic model of the lifecycle of an ordinary thunderstorm.   
(a) The cumulus stage is characterized by one or more towers fed by low-
level convergence of moist air.  Air motions are primarily upward with some 
lateral and cloud top entrainment depicted.  (b) the mature stage is 
characterized by both updrafts and downdrafts and rainfall.  Evaporative 
cooling at low-levels forms a cold pool and gust front that advances, lifting 
warm-moist, unstable air.  An anvil at upper levels begins to form.  (c) The 
dissipating stage is characterized by downdrafts and diminishing convective 
rainfall.  Stratiform rainfall from the anvil cloud is also common.  The gust 
front advances ahead of the storm preventing air from being lifted at the gust 
front into the convective storm. 
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in an upward-directed, pressure-gradient force which helps draw the warm, 
moist air lifted at the gust front up to the height of the level of free 
convection.   Thus, the thunderstorm becomes an efficient ``machine" during 
its mature stage, in which warming aloft and cooling at low-levels sustains 
the vigorous, convective cycle. 
 
The intensity of precipitation from the storm reaches a maximum during its 
mature stage.  Thus, the mature cumulonimbus cloud is characterized by 
heavy-rainfall and gusty winds, particularly at the gust front (see 
Figure 7.2). The propagation speed of the gust front increases 
as the depth of the outflow air increases and the temperature of the outflow 
air decreases.  The optimum storm system is one in which the speed of 
movement of the gust front is closely matched to the speed of movement of 
the storm as a whole. 
 

 
Figure 7.2:  Illustration of a gust front formed at the leading edge of the     
downdraft outflow from a thunderstorm 
 
Once the gust front advances too far ahead of the storm system, air lifted 
at the gust front does not enter the updraft air of the storm, but may only 
form fair weather cumulus clouds.  This marks the beginning of the 
dissipating stage of the thunderstorm, shown in Figure 7.1c.  During the 
dissipating stage, updrafts weaken and downdrafts become predominant, 
rainfall intensity subsides, often turning into a period of light steady rainfall. 
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Ordinary thunderstorms are characterized by intense rainfall and 
strong, gusty winds at the surface.  Often, the strong, gusty winds at the 
surface are evidence of strong downdrafts in the sub-cloud layer.  If the 
depth of the sub-cloud layer is great and very dry, the downdrafts can be 
so strong that they pose a hazard to airplanes, particularly airplanes 
attempting to land at an airport at slow airspeeds.  We call such strong, 
low-level downdrafts downbursts.  If the downbursts form in deep, dry, 
sub-cloud layers they are referred to as dry downbursts. Occasionally, 
downbursts form from cumulonimbus clouds that have relatively shallow, 
moist, sub-cloud layers.  They are referred to as wet downbursts and  
are usually accompanied by short bursts of intense rainfall. 
 
Not only are ordinary thunderstorms characterized by heavy rainfall, surface 
wind gusts, and  occasional downbursts, they are also noted for the 
lightning they produce.   
 
7.2 Severe Thunderstorms 
 
7.2.1 Introduction 
 
Severe thunderstorms are the most violent storms on earth, capable of 
producing tornadoes with wind speeds in excess of 100 m/s (200 mph), 
damaging, straight-line winds, grapefruit-sized hailstones, and over 25 cm 
(10 in) of rainfall in 6 to 12 hours.  Death and destruction is not limited to 
severe thunderstorms, however.  As we have seen, ordinary thunderstorms 
produce dangerous lightning and downdrafts, called microbursts, that are 
hazardous to airplanes and can fell trees. We will focus in this chapter on the 
thunderstorm unit that is responsible for much damage and deaths. 
Frequently, severe thunderstorms do not occur in isolation but are part of a 
larger scale weather system, such as a mesoscale convective system or 
tropical and extra-tropical cyclones. 
 
7.2.2 Types of severe thunderstorms 
 

The ordinary thunderstorm depicted in Figure 7.1 exhibits a lifetime 
of 25 minutes to one hour in which the primary building block, called a cell, 
goes through a lifecycle of growth-, mature-, and dissipating-stage. The cell 
is normally identified by radar as a relatively intense volume of 
precipitation. Many severe thunderstorms are composed of a number of 
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cells, each undergoing a lifecycle of 45 to 60 minutes. The thunderstorm 
system, called a multicell storm, may have a lifetime of several hours. 
Figure 7.3 illustrates a conceptual model of a severe multicell storm as 
depicted by radar.  At 3 minutes, the vertical cross section through a 
vigorous cell, C1, shows a weak echo region (WER) at low levels, where 
there is an absence of precipitation particles large enough to be seen on 
radar.  Updrafts in this region are so strong that there is not enough time for 
precipitation to form. The region of intense precipitation at middle levels is 
due to a cell that existed previous to C1.  By 9 minutes, Cell C1 exhibits a 
well-defined precipitation maximum at middle levels, while the weak echo 
region has disappeared. By 15 minutes, precipitation from C1 has reached 
the surface and a new cell, C2, is evident on the right forward flank of the 
storm (relative to storm motion). By 21 minutes, the maximum of 
precipitation associated with C1 has lowered and C2 has grown in horizontal 
extent. Cell C2 will soon become the dominant cell of the storm, only to be 
replaced by another cell shortly. 
 

 
Figure 7.3. Conceptual model of horizontal and vertical radar sections for 
a multicell storm at various stages during its evolution, showing 
reflectivity contours at 10 dBZ intervals.  Horizontal section is at middle 
levels ~6 km) and the vertical section is along the arrow depicting 
cell motion.  The lifecycle of Cell C1 is depicted on the right flank 
of the storm beginning at 15 minutes.  (Adapted from Chisholm, A.J., and 
J.H. Renick, 1972:  The kinematics of multicell and supercell Alberta 
hailstorms, Alberta Hail Studies, 1972.  Research Council of Alberta Hail 
Studies Rep. No. 72-2, 24-31.) 
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Multicell storms are sporadic producers of tornadoes and can produce 

extensive moderate-sized hailstones (i.e. golfball-sized), severe  straight-line 
wind damage, and flash floods.  In the  25 to 35 m/s range updrafts  can be 
quite strong.  Severe multicell storms typically occur in regions where the 
atmosphere is quite unstable and where the vertical wind shear (change in 
wind speed and direction with height) is moderate in strength.  
 
   The grandaddy of all thunderstorms is the supercell thunderstorm. It is 
noted for its persistence, lasting for two to six hours, in a single cell 
structure. Figure 7.4 is a schematic illustration of the dominant airflow 
branches in a supercell storm.  

 
Figure 7.4.  Model showing the airflow within a 3-dimensional SR storm 
traveling to the right of the tropospheric winds.  The extent of precipitation 
is lightly stippled and the up- and downdraft circulations are shown more 
heavily stippled.  Air is shown entering and leaving the updraft with a 
component into the plane of the diagram.  However, the principal difference 
of this organization is that cold air inflow, entering from outside the plane 
of the vertical section, produces a downdraft ahead of the updraft rather than 
behind it.   (From Browning, K.A., 1968: The organization of severe local 
storms.   Weather, 23, 429-434.  Copyright by the Royal Meteorological 
Society.) 
 
The storm is characterized by a broad, intense updraft entering its southeast 
flank, rising vertically and then turning counter-clockwise in the anvil 
outflow region. Updrafts in supercell storms may exceed 40 m/s, capable 
of suspending hailstones as large as grapefruit. Horizontal and vertical cross 
sections of a supercell storm as viewed by radar are shown in Figure7.5a and 
7.5b.  
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Figure 7.5a.  Schematic horizontal sections showing the radar structure of a       
unicellular supercell storm at altitudes of 1, 4, 7, 10 and 13 km AGL.          
Reflectivity contours are labelled in dBZ.  Note the indentation on the         
right front quadrant of the storm at 1 km, which appears as a weak-echo          
vault (or BWER, as it is labeled here) at 4 and 7 km.  On the left rear         
side of the vault is a reflectivity maximum extending from the top of the       
vault to the ground (see Fig7.5b. (From Chisholm, A.J., and J.H. Renick, 
1972:  The kinematics of multicell and supercell Alberta hailstorms, Alberta 
Hail Studies, 1972.  Research Council of Alberta Hail Studies Rep. No. 72-
2, 24-31 
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Figure 7.5b.  Schematic vertical section through a unicellular supercell 
storm in the plane of storm motion (along CD in Fig 7.5a).  Note the    
 reflectivity maximum, referred to as the hail cascade, which is situated on 
the (left) rear flank of the vault (or BWER, as it is labeled here).  The 
overhanging region of echo bounding the other side of the vault is referred to 
as the {\em embryo curtain}, where it is shown to be due to millimetric-
sized particles some of which are recycled across the main updraft to grow 
into large hailstones.   (From Chisholm, A.J., and J.H. Renick, 1972:  The 
kinematics of multicell and supercell Alberta hailstorms, Alberta Hail 
Studies, 1972.  Research Council of Alberta Hail Studies Rep. No. 72-2, 24-
31.) 
 
A distinct feature of the supercell storm is the region that is free of radar 
echo that can be seen on the southeast flank of the storm at the 4 and 7 km 
levels and the vertical cross section. This persistent feature, called a bounded 
weak echo region (BWER) or echo free vault, is a result of the strong 
updrafts in that region which do not provide enough time for precipitation to 
form in the rapidly-rising air. As noted previously, severe multicell 
thunderstorms exhibit weak echo regions, but they are neither as persistent 
as in supercell storms, nor do they maintain the characteristic bounded 
structure of supercells. Cyclonic rotation (or counter-clockwise in the 
northern hemisphere) of the updrafts may also contribute to the BWER by 
causing any precipitation elements that do form to be thrust laterally out 
of the rotating updraft region. The rotation of the updrafts results in their 
often being referred to as rotating thunderstorms or mesocyclones. Supercell 
storms are also known as severe-right moving storms because, in the 
northern hemisphere, most supercells move to the right of the mean flow due 
to the interaction of the updraft with environmental shear. 
 

The rotational characteristic of supercells, as well as their strong 
updrafts, results in a storm system that produces the largest and most 
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persistent tornadoes as well as the largest hailstones. We will examine the 
formation of tornadoes and hailstones below.  

 
 Between the severe multicell thunderstorm-type and the supercell-

type storm exist a continuum of thunderstorms. Some of which are quite 
steady, exhibit a dominant cell for a time and a rotating updraft, but also 
contain transient cell groups for part of the storm lifetime or at the flanks of 
the dominant cell and thus do not meet all the criteria of a supercell storm. 
The more a thunderstorm resembles a supercell thunderstorm, the 
more hazardous is the storm! 

 
7.2.3 The supercell spectrum 

Although it is better to think of a 'storm spectrum' rather than well 
defined boundaries between storm types, supercells can generally be broken 
into three different categories depending on their precipitation structure and 
characteristics (Moller et  al., 1988; Doswell et al., 1990; Doswell and 
Burgess, 1993; Moller et al., 1994): low-precipitation (LP) supercells, high-
precipitation (HP) supercells, and 'classical' supercells which produce 
moderate amounts of precipitation. Each type of supercell is discussed in 
more detail below. 
 
‘Classical’ Supercells 
 

Classical supercells are perhaps the most studied of the 
supercell spectrum.  The conceptual model of a 'classical' supercell was 
first introduced by Browning (1964) and has changed little in the last 
20 years. A conceptual model of a classical supercell is shown in 
Figure 7.5c.  At the surface during the mature phase of the storm, there are 
two low-level outflow boundaries: one to the north of the updraft associated 
with the forward flank downdraft (FFD), and another to the south and west 
of the updraft associated with the rear flank downdraft (RFD). New 
convective towers usually develop along the rear flank outflow boundary 
and are known as the 'flanking line'. Most of the precipitation in the storm 
falls to the north and west of the main updraft. The main updraft generally 
lies above the intersection of the forward flank and rear flank gust fronts. It 
is in this region of the storm which separates the inflow air from the storm 
outflow which is the preferred region for tornado development.  In addition 
to the general characteristics of supercells listed above, classical supercells 
have the following properties: 
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Figure 7.5c.  A schematic plan view of a tornadic classical supercell at the 
surface.  The thick line denotes the radar echo at mid-levels.  Surface 
downdraft positions are denoted with coarse stippling, and surface position 
of the updrafts are denoted with fine stippling.  The positions of the storm 
outflow boundaries are indicated with frontal symbols.  Low-level storm-
relative streamlines are denoted by the arrows.  Typical tornado positions are 
shown by encircles T’s.  The most likely tornado position is at the apex of 
the ‘gust front wave’ which is also the favored location for new 
mesocyclone development [From Finley, 1997; Adapted from Lemon and 
Doswell (1979)]. 
 

•  frequently develop well away from competing storms 
 

•  radar signature frequently shows hook echo structure 
 

•  large outbreaks of tornadoes are often associated with these storms 
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•  moderate precipitation rates 

 
•  often produce large hail. 

 
The two most common locations for tornado development are along 

the periphery of the mesocyclone, and at the nose of the gust front 
as shownin Figure 7.5c. Sometimes a supercell will produce several 
mesocyclones (and possibly tornadoes) in succession (Burgess, et al, 1982, 
1993). A conceptual model of the mesocyclone evolution in these cases is 
shown in Figure 7.6. As the first mesocyclone matures, the gust front wraps 
cyclonically around the mesocyclone core, similar to extra-tropical cyclone 
development. The  gust front continues to accelerate around the first 
mesocyclone core until the first core occludes. The first mesocyclone then 
begins to weaken as it gets 'cut off' from the storm inflow air, and a new  
meso-cyclone begins to develop in the region of strong convergence near the 
point of occlusion. The second mesocyclone core intensifies rapidly in the 
vorticity rich environ-ment  and eventually becomes the storm's new 
mesocyclone. Some supercells undergo this process many times during there 
life (on average about once every 40 minutes), and the mesocyclone can 
persist for several hours. These storms frequently produce 'tornado families' 
in which at least one tornado is associated with each successive 
mesocyclone. 
 
Low-Precipitation (LP) Storms 
 
Low-Precipitation (LP) supercells have been documented visually 
by Burgess and Davies-Jones (1979), Bluestein and Parks (1983), 
Bluestein (1984), and with Doppler radar by Bluestein and Woodall (1990). 
Since these storms produce little (if any) precipitation, they are difficult to 
detect on conventional radar and their severe weather potential often goes  
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Figure 7.6.  Conceptual model of mesoscyclone core evolution. The low-
level mesocyclone is denoted by an encircled L.  Heavy lines denote the 
surface psotions of the storm outflow boundaries.  The tornado tracks are 
indicated by the shaded regions.  The insert shows the tornado family tracks.  
The square indicates the region expanded in the figure [from Burgess et al., 
(1982)]. 
 
unrecognized. Observations indicate that LP supercells have the following 
general characteristics: 
 

•  usually form along the surface dryline in the western plains (although 
the author has observed them on one occasion in west-central 
Minnesota) 

 
•  produce little rain, but often produce large hail 

 
•  show strong visual evidence of rotation 

 
•  difficult to detect storm severity with radar 
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•  only produce tornadoes occasionally 

 
•  tend to be smaller in diameter than classical supercells 

 
•  show no evidence of any strong downdraft at the surface 

 
•  always form as isolated cells 

 
•  have been observed to rotate both cyclonically and anticyclonically. 

Cyclonic rotation is much more prevalent. 
 

A conceptual model of an LP supercell is shown in Figure 7.7.  
Although these storms generally produce weak tornadoes (Bluestein and 
Parks, 1983), Burgess and Davies-Jones (1979) documented a case where an 
LP storm produced a significant tornado in Oklahoma, even though radar 
reflectivities did not indicate the storm was severe.  The physical 
mechanisms favoring LP supercell development are not well understood. 
Bluestein and Woodall (1990) speculated that LP storms are a type of 
supercell in which hail production is favored over rain production for some 
reason (which they did not speculate on). Bluestein and Parks (1983) 
hypothesize that the size of the initial 'convective bubble' (or thermal which 
generates the first convective updraft) may be smaller for LP storms than for 
other supercells, and that the size of the initial convective updraft could play 
an important role in subsequent storm evolution. They noticed that 
the difference between the Level of Free Convection (LFC) and 
Lifting Condensation Level (LCL) was smaller in their observed LP 
storm environments than it was in classical supercell environments. 
They reasoned that parcels in the classical supercell environment must 'work 
harder' to reach the LFC, so there would be a tendency for more gravity 
wave activity and broader thermals in the classical supercell environment, 
and hence broader convective updrafts. 
 
 
High-Precipitation (HP) Storms 
 
High-Precipitation (HP) supercells occur most frequently in the eastern half 
of the U.S. and western High Plains (Doswell and Burgess, 1993), and may 
be the predominant type of supercell in these regions. Doswell (1985),  
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Figure 7.7a.  A conceptual model of a low-precipitation supercell.  (a) The 
low-level precipitaiton structure and cloud features looking down from 
above. (b) Visual structure from an observer’s point of view to the east of 
the storm [from Doswell and Burgess (1993)]. 
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Nelson (1987), Moller et  al. (1988), and Doswell et al. (1990), Moller et al. 
(1990), Doswell and Burgess (1993), Moller et al.  (1994) have documented 
the following general characteristics of HP supercells: 
 

•  extensive precipitation (including torrential rain and hail) along the 
right rear flank of storm 

 
•  mesocyclone often embedded within significant precipitation 

 
•  storms may not be clearly isolated from surrounding convection, 

but remain distinctive in character 
 

•  often associated with widespread damaging hail or wind events, with 
damage occurring over relatively long and broad swaths. It has been 
suggested that derecho events (mesoscale convective systems 
that produce long swaths of damaging winds) may have HP supercells 
embedded in them (Johns and Hirt, 1987).  

 
•  tend to be larger than 'classical' supercells 

 
•  updrafts often take on an 'arc' shape as new updrafts form at the 

southern end of the gust front 
 

•  tornadoes may occur with the mesocyclone (which is often found on 
the northern or eastern side of the storm), or along the leading edge of 
the gust front 

 
•  may exhibit multicell characteristics such as several high reflectivity 

cores, multiple mesocyclones and multiple bounded weak echo 
regions1. 

 
Like LP storms, HP storms are more difficult to recognize on radar 

than classical supercells. Their radar characteristics can take varied forms 
including: 
 

                                                 
1 This characteristic lead Nelson (1987) and Nelson and Knight (1987) to call HP supercells 
‘hybrid’ storms.}
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•  kidney-bean shaped configurations 

 
•  exceptionally large hook echoes 

 
•  weak echo notches along the forward and rear flank of the 

storm (indicating the probable location of the rotating updraft) 
 

•  persistent low-level reflectivity gradient adjacent to a front flank 
notch 

 
•  spiral or 'S' shaped structure 

 
•  multiple high reflectivity cores and multiple bounded weak 

echo regions. 
 

Moller et al. (1990) developed a conceptual model of HP 
supercells which is based on over 50 HP supercell cases from 1973-1990. 
This conceptual model is shown in Figure 7.7b. When HP supercells were 
the dominant mode of convection, they found that most of the events were 
characterized by:   
 

1. significant instability, but helicity only marginal for supercells 
 

2. storms tended to move along a pre-existing thermal boundary, usually 
an old outflow boundary, or a stationary front. 

 
 

Their results indicated that significant low-level warm 
advection across the thermal boundary may play a major role in the 
development of mesoscale vertical motion on HP supercells days, as a 
shortwave at upper levels did not appear to be a necessary ingredient 
(although if present, would certainly aid convective development). They 
also suggested that HP storms may spin up a mesocyclone from 
either solenoidal effects along a thermal boundary, or from the 
increased vertical wind shear along the boundary. 
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Figure 7.7b.  A conceptual model of a high-precipitation supercell.  (a) The 
low-level precipitation structure and cloud features looking dwon from 
above.  (b) Visual structures from an observer’s point of view to the east of 
the storm [from Dosell and Burgess (1993)].
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7.2.4 Some factors controlling storm organization 
 
When are storms severe?  When are they supercell versus multicells? 
 
Severe storms occur when CAPE (α positive area on thermodynamic 

diagram) is large and when wind shear 
u
z

∂
∂

 is moderate to strong. 

Define Richardson number iR  as: 

 
BuoyancyProduction of Turbulence

Shear Production of TurbulenceiR =  

 2 ,
1/ 2( )i

CAPER
u

=
∆

 

where u∆  is difference in wind speed between LFC and equilbrium level. 

In general, supercell storms prevail for small values of ( ~ 40)i iR R <  while 

multicell storms prevail at large values of .iR   One has to be careful, 

however, as Ri can be small due to large shear even though CAPE is so 

small that severe storms cannot form.  Thus Ri is only an indicator or the 

potential of supercells if CAPE is greater than something like 1500 J kg-1s-1. 
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Helicity as a tornado predictor 

 

Based on theoretical work, Davies-Jones et al. (1990) proposed the use of 
storm-relative helicity (SRH) for forecasting tornadic thunderstorms: 
 

 0 0 ( ) ,t tz z
H H

vSRH V dz k v c dz
z

ζ ∂ = � ⋅ = −� ⋅ − ×� �∂� �
 

where VH is the environmental ground-relative horizontal velocity 
vector and c is the storm motion vector, while zt is normally given as 3 km. 
Thus SRH is a predictor of the correlation between vertical velocity and 
vertical vorticity, and hence of mesocyclones.  It can be shown that the 
value of SRH is twice the signed area enclosed within the hodograph 
between the vector connnecting the storm motion with the ground level 
wind, and the vector connecting the storm motion with the 3 km wind.  
 
Based on the climatological tornado hodograph (with approximately 10 
ms-1 of storm-relative velocity rotating by 90° n the lowest 4 km), the 
authors estimated that tornadoes tend to occur when SRH exceeds 150 m2s-1, 
and confirmed this using a set of tornadic cases. In addition to its theoretical 
basis, SRH has other advantages as a forecasting tool.  It is proportional both 
to the correlation of storm-relative velocity and vorticity, and to the 
magnitudes of each. It is also an integrated quantity that is not sensitive to 
small-scale noise in the hodograph.  Furthermore, it has been hypothesized 
that the turbulent cascade is inhibited in helical flow, increasing the 
longevity of convection in such flow (Lilly 1986). 
 
Rasmussen and Blanchard (1998) found that SRH was better at 
distinguishing between supercells and other storms than other hodograph-
based parameters, such as mean wind shear (proportional to the length of the 
hodograph divided by the height difference).  Statistically, the best test for 
the supercell/no supercell forecast was whether or not SRH exceeded 
230 ms-2.  The average value of SRH for all of the supercellular cases was 
lower (180 ms-2 for tornadic supercells;  124 ms-2 for non-tornadic 
supercells), but because of the relative rarity of supercells, there is a high 
false alarm ratio (FAR) in supercell forecasting. Despite the higher values of 
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SRH for tornadic supercells versus non-tornadic ones, mean 0-4 km shear 
was found to be statistically better at distinguishing the two.  (The best  
hodograph-based test at predicting strong tornadoes was mean shear  
> 0.009 s-1). 
 
One of the main problems with the use of SRH as a forecasting tool is 
that it assumes that the storm motion vector is known a priori. Davies-Jones 
(1984) found that in the linear case the storm motion must lie on the concave 
side of a curved hodograph.  However, motion off of a unidirectional 
hodograph is not explained. 
 
For forecasting purposes, storm motion is generally assumed to be 75% of 
the mean 0-6 km AGL wind speed if less than 15ms-1 but 30° to its right; for 
mean wind speeds greater than 15 ms-1, the storm motion is assumed to be 
85% of the mean wind speed but 20° to its right  (Davies and Johns 1993). 
This method is referred to as the JDL method.   
 
Rasmussen and Blanchard (1998) found that the observed storm motion for 
classic and LP supercells generally followed a vector computed by the 
following method:  find 0.6 S where S is the boundary layer - 4 km shear 
vector, and then add a vector of length 8.6 ms-1 orthogonal and to the right of 
the shear vector.  Bunkers et al. (1998) proposed a method that also uses a 
constant magnitude deviate motion (8 ms-1) perpedicular to the mean shear 
vector; the only differences are that a 6 km depth is used, and that the 
starting point vector is defined with respect to the mean wind vector. So in 
both of these methods there is a direct link between storm deviate motion 
and the mean wind shear vector. 
 
Weisman and Rotunno (2000) performed supercell simulations with a 
variety of hodograph shears and curvatures.  By examining the dynamic 
pressure terms, they were able to demonstrate that in splitting supercells the 
nonlinear dynamic forcing associated with the vorticity centers was always 
greater than the linear forcing associated with the environmental wind shear.   
Therefore, off-hodograph motion was inherently non-linear regardless of 
whether the hodograph is straight or curved, and hence dependent on the 
development of vorticity centers. The authors concluded that the helicity 
explanation of supercell rotation, while essentially correct as a diagnostic 
tool, is of limited utility as a forecast tool, because it predicts rotation as a 
function of a given storm motion, whereas in reality the storm motion is a 
function of the rotation. 
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Another potential pitfall of using SRH to forecast tornadoes was given by 
Markowski et al. (1998).  They consistently found that SRH would vary by 
an order of magnitude on length scales of tens of kilometers and time scales 
of a few hours.  This is due to the presence of mesoscale boundaries and 
other features not resolvable by a synoptic analysis.  If SRH is in fact the 
most important parameter in determining the tornadic potential of a storm, it 
might not be possible to make such forecasts deterministically. 
 
7.3 Tornadic Thunderstorm 

As noted above, the supercell thunderstorm is a rotating storm that can 
be the source of some of the largest and longest-living tornadoes. It is not the 
only storm type, however, that produces tornadoes. Smaller, even relatively 
ordinary-appearing thunderstorms that develop rotation can also be a source 
of tornadoes. It is somewhat easier to understand how rotation develops in 
supercell thunderstorms, especially those that form over the Great Plains of 
the United States. This is primarily due to the fact that they remain 
relatively isolated and persist for such a long time. As a consequence, 
they are easier to observe and simpler to mathematically model on 
computers. 
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Figure 7.8.  An idealized tornadic thunderstorm as viewed from the 
southeast.  The vertical scale is exaggerated by about a factor of two.  
Courtesy of Joseph Golden, NWS-NOAA. (From Klemp, J.B.,1987:  
Dynamics of tornadic thunderstorms.  Ann. Rev. Fluid Mech., 19, 369-402.  
Reproduced, with permission, from the Annual Review of Fluid Mechanics, 
Volume 19, Copyright 1987 by Annual Reviews Inc  
 

Figure 7.8 is an illustration of a Great Plains tornadic thunderstorm. 
 Note the relatively flat cloud base with a wall cloud extending beneath the 
main cloud base. The wall cloud is a region of rapidly rising moist air in the 
storm. It is a preferred location where tornadoes may form. Precipitation 
normally settles out of the northern and rear flanks of the storm, where cloud 
bases are usually ragged-looking compared to the sharp-edged wall cloud. A 
flanking line of towering cumulus clouds is frequently observed along the 
southeast side of the storm. Through much of the troposphere, a solid core of 
cloud can be seen that is occasionally observed to be slowly rotating with the 
naked eye. As the rising air encounters the extreme stability of the  
tropopause, it spreads out laterally forming an anvil cloud. The strongest 
updrafts are not easily inhibited by the stability of the tropopause and their 
vertical momentum can cause over-shooting tops in which updraft 
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momentum is transported to heights of 5 and 6 kilometers into the lower 
stratosphere. 
 

Tornadic thunderstorms develop preferentially in regions where there 
is a significant supply of warm, moist air at low levels, which is a source of 
energy to the thunderstorms. Also important is that the winds exhibit strong 
speed and directional changes with height, or wind shear. A particularly 
ideal location for the formation of tornadic thunderstorms is in the warm 
sector of springtime, extratropical cyclones. Figure 7.9 illustrates a mature, 
extratropical cyclone with a surface low-pressure center, a surface cold front 
and surface warm front.  

 
Figure 7.9.  Idealized sketch of a situation especially favorable for 
development of severe thunderstorms.  Thin lines denote sea-level               
isobars around a low-pressure center, CF and WF indicating cold and             
warm fronts at the ground.  Broad arrows represent jet streams in low           
(LJ) and upper (UJ) levels of the troposphere.  Region rich in water            
vapor at low levels is stippled.  Severe storms are most likely to              
originate near A and, during the ensuing 6-12 h as the cyclone moves            
eastward and the severe storms move generally eastward at a faster              



 283

speed, affect the hatched region (outside which thunderstorms may also          
occur that will probably be less intense).  (From Newton, C.W., R.C. Miller, 
E.R. Fosse, D.R. Booker, and P. McManamon, 1978:  Severe thunderstorms:  
Their nature and their effects on society.  Interdisciplinary Science Reviews, 
3, 71-85.  Reprinted by permission of the publisher.) 
 
The horizontal scale of the cyclonic storm is several thousand kilometers. 
Ahead of the surface cold front is a low-level jet (LJ) which in the 
spring time over the Great Plains can transport warm, moist air from 
the Gulf of Mexico to the Oklahoma-Kansas region. Also shown in Figure 
7.9 is a jet stream of high speed winds (UJ) in the upper troposphere. A 
particularly vulnerable region for tornado formation is in the warm sector 
labeled A, where the jet stream overlays the low-level jet. This is the region 
where the vertical wind shear is greatest and the low-level supply of warm, 
moist air is also large. Under these conditions the cannon is primed and all 
that remains is to light the fuse! 
 
How do thunderstorms develop rotation? Meteorologists describe the 
rotation of a system by the quantity vorticity that is the local and 
instantaneous rotation of the system. In the case of a solid, rotating body 
such as a car wheel, vorticity is twice the angular velocity or rotation rate of 
the car wheel. Also in the case of the car wheel, vorticity is parallel to the 
axel supporting the car wheel or is perpendicular to the plane of rotation of 
the system. Figure 7.10a-c illustrates three ways vorticity can be produced or 
enhanced. In Figure 7.10a, we have a weakly rotating region (left panel) that 
resides in a region of weak convergence. As a result of convergence, the 
vorticity of the system is increased (right panel) just as the rate of spin of an 
ice skater is increased as the skater draws in his or her arms. 
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Figure 7.10.   Processes responsible for generating rotation or vorticity.   
a) Convergence of air can strengthen vorticity.  b) Tilting of vorticity in the 
horizontal plane by updrafts can produce vorticity in the vertical plane.   
c) Strong horizontal temperature gradient or baroclinicity can be titled into 
the vertical.                 
 

Another way that rotation or vorticity about the vertical axis can be 
produced is by tilting of vorticity in the horizontal plane into the vertical 
plane. Figure 7.10b illustrates an environment in which there is wind shear 
in one plane. The wind changes from easterly at low levels to westerly at 
higher levels, increasing speed with height. The environmental wind 
shear represents vorticity whose axis of rotation is in the horizontal plane. 
Now if there is a thunderstorm updraft, it will carry the vorticity in the 
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horizontal plane aloft, tilting it as the air ascends into the vertical plane, 
producing two counter-rotating vortices oriented in the vertical plane. Thus 
we see that the presence of vertical wind shear in the storm environment can 
be an important source of vorticity production in the vertical plane. 
 

Figure 7.10c illustrates another important contributor to vorticity 
called baroclinicity. Baroclinicity refers to the presence of strong horizontal 
temperature changes where sharp horizontal changes in air density can 
occur. In the illustration, cool, dense air resides next to warm, low-density 
air. At the interface between the two air masses, vorticity is produced in the 
horizontal plane with a sense of rotation shown in Figure 7.10c. If the 
baroclinically-produced vorticity is now lifted into the vertical as in Figure 
7.10b, tilting will result in the formation of vorticity about the vertical axis. 
 

Now let us consider the more complicated problem of a 
storm growing in an environment in which the wind changes both speed and 
direction such as in Figure 7.9.   Figure 7.11 illustrates a case in which the 
wind changes from easterly at low levels, to southerly at middle levels, to 
westerly at higher levels.  Seen  from above, the winds turn in a clockwise 
direction with height. As a result of tilting of horizontal vorticity into 
the vertical, two counter-rotating vortices are produced at middle levels with 
a counter-clockwise rotating vortex on the storm's southern flank and a 
clockwise-turning vortex on the storm's northern flank. An updraft growing 
in wind shear develops pressure perturbations such that positive pressure 
perturbations are produced on the upshear flank of the updraft and negative 
pressure perturbations on the downshear flank. In this more complicated 
case, with winds changing direction and speed, the interaction of the 
updraft with wind shear produces a vertically-directed pressure gradient that 
is oriented upward on the southern flank of the storm and downward on the 
northern flank of the storm. Thus, the counter-clockwise-rotating, southern 
flank of the storm experiences a pressure-gradient force which will favor 
the strengthening of the updraft in that region. On the other hand, the 
clockwise-rotating, northern flank of the storm will experience a downward-
directed pressure-gradient force and therefore find itself in an unfavorable 
region for further intensification. If the storm splits, as they frequently do, 
the southern updraft region will become the dominant member of the split 
updraft pair. Thus, an environment in which the wind changes speed and 
direction, as shown in Figure 7.11 will favor the development of a severe, 
right-moving storm which rotates in a counter-clockwise direction. 
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Figure 7.11.  Schematic illustrating the pressure and vertical vorticity 
perturbations arising as an updraft interacts with an environmental wind 
shear that turns clockwise with height.  The high (H) to low (L) horizontal 
pressure gradients parallel to the shear vectors (flat arrows) are labeled along 
with the preferred location of cyclonic (+) and anticyclonic (-) vorticity.  
The shaded arrows depict the orientation of the resulting pressure gradients.  
(Adapted from Rotunno and Klemp, 1982. From Klemp, J.B., 1987:  
Dynamics of tornadic thunderstorms.  Ann. Rev. Fluid Mech., 19, 69-402. 
Reproduced, with permission, from the Annual Review of Fluid Mechanics, 
Volume 19, Copyright 1987 by Annual Reviews Inc.)      
 
 
A schematic view of the surface features of a rotating thunderstorm is shown 
in Figure 7.12.  The storm system resembles the surface features of an extra-
tropical cyclone as described in Chapter 7, except the horizontal scale of a 
rotating thunderstorm is much less. The horizontal scale of the rotating 
thunderstorm depicted in Figure 7.12 is between 15 and 30 kilometers while 
an extra-tropical cyclone spans over 1500 to 3000 km. Two cold fronts are 
depicted, one formed by the cool air spreading laterally from the rear flank 
downdraft (RFD) and a second formed by cool air spreading outward from 
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the forward flank downdraft (FFD). Warm, moist air moves northward 
ahead of the RFD frontal boundary, turning to the left as it ascends in 
updrafts labeled UP enclosed by the dashed line. A favored region for 
tornado formation is in the region labeled T, where the rear-flank downdraft 
progresses in a counter-clockwise direction about the point T. 

 

 
Figure 7.12.   Schematic plan view of surface features associated with a           
tornadic thunderstorm.  Gust fronts are depicted by barbed frontal              
symbols.  Low level positions of draft features are denoted by stippled         
areas, where UD is updraft, RFD rear flank downdraft, and FFD forward           
flank downdraft.  Streamlines denote storm-relative flow.  (From  Lemon, 
R.L., and C.A. Doswell, III, 1979:  Severe thunderstorm evolution  and 
mesocyclone structure as related to tornadogenesis.  Mon. Wea. Rev., 107, 
1184-1197 
 
 
A depiction of the flow structure of a rotating thunderstorm derived from 
computer simulations is shown in Figure 7.13.  The ascending air is shown 
to be rotating in a counter-clockwise direction. As the low-level rotation 
intensifies, the rear-flank downdraft forms in response to lowering of 
pressure caused by the rotating updraft. The so-called cyclostrophic 
reduction of pressure is due to displacement of mass outward from the 
center of the rotating updraft. The reduced pressure at low-levels, in turn, 
creates a downward-directed pressure gradient force which drives air 
downward in the a rear-flank downdraft (see Figure 7.14a). 
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Figure 7.13.  Three-dimensional schematic view of a numerically simulated 
supercell thunderstorm at a stage when the low-level rotation is intensifying. 
The storm is evolving in westerly environmental wind shear and is viewed 
from the southeast.  The cylindrical arrows depict the flow in and around 
the storm.  The thick lines show the low-level vortex lines, with the sense 
of rotation indicated by the circular-ribbon arrows.  The heavy barbed 
line marks the boundary of the cold air beneath the storm.  (From Klemp, 
J.B., 1987:  Dynamics of tornadic thunderstorms.  Ann. Rev. Fluid Mech., 
19, 369-402. Reproduced, with permission, from the Annual Review of 
Fluid Mechanics, Volume 19, Copyright 1987 by Annual Reviews Inc.) 
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Figure 7.14.  Expanded three-dimensional perspective, viewed from the             
southeast, of the low-level flow (a) at an earlier time and  (b) about 10 min 
later    after the rear-flank downdraft has intensified.  The cylindrical arrows         
depict the flow in and around the storm.  The vector direction of vortex  
lines are indicated by arrows along the lines.  The sense of rotation is 
indicated by the circular ribbon arrows.  The heavy, barbed line works the    
boundary of the cold air beneath the storm.  The shaded arrow in (a) 
represents the rotationally induced vertical pressure gradient, and the         
striped arrow in (b) denotes the rear-flank downdraft.   (From Klemp, 
J.B., 1987:  Dynamics of tornadic thunderstorms.  Ann. Rev. Fluid Mech., 
19, 369-402. Reproduced, with permission, from the Annual Review of 
Fluid Mechanics, Volume 19, Copyright 1987 by Annual Reviews Inc.)      
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A question that is still not answered is how the low-level rotation 
intensifies to tornadic magnitudes. Some scientists argue that the rotation in 
the updrafts first begins at middle levels (5-10 km above ground level) and 
then builds upward and downward. The middle level rotation can be seen 
with single and multiple Doppler radars. They argue that vertical vorticity 
is concentrated in the main updraft region by convergence and tilting, 
leading to the formation of a tornado aloft, which then builds downward to 
the surface by continued convergence. Other scientists argue 
that convergence and tilting alone cannot account for vorticity production of 
tornadic strength. They argue that the primary importance of the middle-
level rotation is that it transports cool, downdraft air to the forward and left 
flanks of the storm. The evaporatively-cooled air descends to form the cold 
pool on the forward flank of the storm (FFD in Figure 7.12). It is argued that 
this is just the right location for updraft, inflow air to develop a strong 
horizontal component of vorticity by baroclinic production as it glides along 
the cold front produced by the forward flank updraft (See Figure 7.14 
The baroclinically-produced vorticity is then of the right sign to become 
tilted into a counter-clockwise rotating vortex as it ascends in the storm's 
updrafts. 
 

It should be noted that only the largest and most intense tornadoes are 
associated with well-defined rotation of supercell-like thunderstorms. There 
are many reports of tornadoes forming below towering cumulus clouds that 
form along the flanking line of a multicellular thunderstorm system. In such 
cases, it has been observed that tornadoes are frequently formed more 
than 35 km from the parent thunderstorm in a region free of precipitation 
throughout the lifecycle of the tornado. Smaller, short-lived tornadoes are 
even observed to form beneath relatively isolated towering cumulus clouds. 
Tornadoes are also observed to rotate in the clockwise direction. In 
some cases, the clockwise-rotating tornadoes have been observed on 
the right rear flank of a severe, right-moving thunderstorm, a storm that is 
generally believed to spawn counter-clockwise rotating tornadoes. Tropical 
cyclones or hurricanes can also be a source of tornadoes and cause 
significant damage and loss of life. As many as 25\% of the hurricanes in the 
United states spawn tornadoes with ten as the average number of tornadoes 
per storm. Hurricane Beulah in 1967 produced 141 tornadoes! 
 

With wind speeds in excess of 125 m/s and a central pressure so low 
that buildings explode when it passes overhead, the tornado is one of the 
most terrifying natural phenomena known to man. The spinning column of 
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air thrusts air mass outward, lowering the pressure so that the air cools 
adiabatically below its dewpoint, producing the visible funnel cloud shown 
in Figure 7.15.  Examples of damage associated with tornadoes of varying 
intensity is shown in Figure 7.16 Professor T. Fujita devised a damage scale 
called an F-scale, in which the wind speeds associated with tornadoes can be 
assessed. The weakest tornadoes, designated F0, have wind speeds in the 
range 17-32 m/s while the most damaging tornadoes, designated F5, have 
wind speeds in excess of 116 m/s.                     

 
 

 
Figure 7.15.  Photograph of a tornado with well-defined funnel cloud. 
(Photo courtesy National Severe Storms Laboratory, National Oceanic and 
Atmospheric Administration, Norman, OK 73069.) 
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Figure 7.16.  Examples of damage produced by tornadoes and 
corresponding Fujita damage scale. (From Fujita, T.T., 1973:  Tornadoes 
around the world.  Weatherwise, 26, 56-83.) 
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Our current concepts governing the dynamics of tornadoes has been derived 
from photographic studies of the motions of debris in tornadoes, computer 
models of tornadoes, and laboratory experiments in which tornado-like 
vortices  are produced. The flow in tornadoes can be partitioned into the 
following five regions illustrated in Figure 7.17. 
 

 
Figure 7.17.   Sketch of an idealized tornado vortex showing the five              
regions of the flow discussed in the text:  region I, outer flow; region         II, 
core; region III, corner; region IV, inflow layer; and region V, convective 
plume.   (From Snow, J.T., 1982:  A review of recent advances in tornado 
vortex  dynamics. Rev. Geophys. Space Phys., 20, 953-964. Copyright by the 
American Geophysical Union.) 
 
 Region I: The Outer Region 
 

The flow in Region I moves in response to the concentrated vorticity 
in the core (Region II) and to the positive buoyancy and vertical pressure 
gradients associated with the thunderstorm aloft (Region V). The flow in this 
region generally conserves its angular momentum and therefore spins faster 
as it approaches the central core. 
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Region II: The Core 
 

The core region surrounds the central axis and extends outward to the 
radius of maximum winds. It often contains a visible funnel which extends 
from cloud base as well as dust and debris from the surface. Because of the 
high rotation in this region, the flow is in approximate cyclostrophic 
balance.  This means that the centripetal acceleration associated with sharply 
curved flow or what is often called an apparent centrifugal force, is 
balanced by an inward-directed pressure gradient force. 
 
Region III: The Corner 
 

This region is part of the boundary layer where the winds change 
direction from being primarily horizontal (Region IV) to upward motion in 
the core. 
 
Region IV: Boundary Layer Flow 
 

As the low-level flow interacts with the earth's surface, a turbulent 
boundary layer is produced with depths ranging from a few tens of meters to 
as much as a few hundred meters. Turbulence disrupts the smooth, balanced 
flow in region II, slowing the flow and causing an inward-directed force. 
This results in an inward acceleration of flow toward the core. 
 
Region V: The Rotating Updraft 
 

This is the storm-scale rotating updraft region discussed above. 
 

Tornadoes do not always consist of a single vortex but often contain 
secondary vortices or suction spots within the main tornado circulation. 
Photographs of tornadoes occasionally show multiple vortices that 
apparently rotate around the tornado axis and have diameters considerably 
less than the parent tornado. Figure 7.18 illustrates a tornado containing 
three secondary vortices.  Such vortices can be more damaging than the 
parent tornado, because the ground-relative wind speed is the sum of the 
tangential wind speed of the tornado, plus the tangential wind speed of the 
suction vortex. 
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Figure 7.18.  Sketch of a vortex containing three subsidiary vortices.            
These are in rapid rotation about their spiral axes, while moving about         
the central core.   (From Snow, J.T., 1982:  A review of recent advances in 
tornado vortex  dynamics.   Rev. Geophys. Space Phys., 20, 953-964. 
Copyright by the American Geophysical Union.) 
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7.4 Hailstorms 
 

Thunderstorms can produce hailstones that range in size from pea-size 
to grapefruit-size. Grapefruit-size hail can be extremely damaging, killing 
people and livestock, and if occurring in urban areas, can cause millions of 
dollars of damage. Even pea-size hail can cause extensive crop damage, 
especially when combined with strong winds, slicing through wheat fields 
like a giant mowing machine. Figure 7.19 illustrates some of the shapes and 
sizes of large hail. Some hailstones are nearly spherical, others are conical, 
and others exhibit a complicated, lobed structure.             
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Figure 7.19.  Examples of several large hailstones.  (Photo courtesy of 
Nancy Knight.)                  
 

Hailstorms generally occur in an environment in which unstable  wet 
convection prevails. In such an environment, thunderstorms develop  
significant positive buoyancy and associated, strong updrafts capable of 
suspending hailstones falling through the air at speeds of 15 to 25 m/s. 
Often, severe thunderstorms producing large hail also produce tornadoes 
and even flash floods. Storms producing the largest hailstones normally 
develop in an environment with strong windshear, which favors the 
formation of supercell thunderstorms. The height of the melting level is also 
important in determining the size of hailstones that will reach the surface. It 
has been estimated that as much as 42% of the hailstones falling through the 
0°C level melt before reaching the ground over Alberta, Canada while it 
may be as high as 74% over Colorado and 90% in southern Arizona. This is 
consistent with observations indicating that the frequency of hail is greater at 
higher latitudes. Any thunderstorm with a radar echo top over 8 km near 
Alberta, Canada has a significant probability of producing damaging hail! 
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Hailstone growth is a complicated consequence of the interaction of 
the airflow in thunderstorms and the growth of precipitation particles. 
Hailstones grow primarily by collection of supercooled cloud droplets and 
raindrops. At temperatures colder than 0ºC, many cloud droplets and 
raindrops do not freeze and can remain unfrozen to temperatures as cold as -
40ºC. A few ice particles do freeze, however, perhaps by collecting an 
aerosol particle that can serve as a freezing nucleus. If the frozen droplet is 
small, it will grow first by vapor deposition, forming snowflakes such 
as dendrites, hexagonal plates, needles, or columns. After some time, 
perhaps 5 to ten minutes, the ice crystals become large enough to settle 
relative to small cloud droplets, which immediately freeze when they impact 
the surface of the ice particle. If enough cloud droplets are present or the 
liquid water content of the cloud is high, the ice particle can collect enough 
cloud droplets so that the original shape of the vapor-grown crystal becomes 
obscured and the ice particle becomes a graupel particle of several 
millimeters in diameter. At first, the density of the graupel particle is low as 
the collected frozen droplets are loosely compacted on the surface of the 
graupel particle. As the ice particle becomes larger, it falls faster, sweeps out 
a larger cross-sectional area, and its growth by collection of supercooled 
droplets increases proportionally (see Figure 7.20). 

 
Figure 7.20.  Illustration of a hailstone growing by collecting spercooled  
droplets. 
 
As the growth rate increases, the collected droplets may not freeze 
instantaneously upon impact, and therefore flow over the surface of the 
hailstone, filling in the gaps between collected droplets. The density of the 
ice particle, therefore, increases close to that of pure ice as the dense 
hailstone falls still faster, growing by collecting supercooled droplets as long 
as the cloud liquid water content is large. The ultimate size of the 
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hailstone is determined by the amount of supercooled liquid water in 
the cloud and the time that the growing hailstone can remain in the high-
liquid-water region. The time that a hailstone can remain in the high-liquid-
water-content region, in turn, is dependent on the updraft speed and the fall 
speed of the ice particle. If the updraft is strong, say 35-40 m/s, and the 
particle fall-speed through the air is only of the order of 1-2 m/s, then the ice 
particle will be rapidly transported into the anvil of the cloud before it 
can take full advantage of the high liquid water content region. The ideal 
circumstance for hailstone growth is that the ice particle reaches a large 
enough size as it enters the high liquid water content region of the storm so 
that the ice particle fall speed nearly matches the updraft speed. In such a 
case, the hailstone will only slowly ascend or descend while it collects 
cloud droplets at a very high rate. Eventually, the hailstone fall speed will 
exceed the updraft speed or it will move into a region of weak updraft or 
downdraft. The size of the hailstone reaching the surface will be greatest if 
the large airborne hailstone settles into   a vigorous downdraft, as the time 
spent below the 0\deg C level will be lessened and the hailstone will not 
melt very much. Thus, a particular combination of airflow and particle 
growth history is needed to produce large hailstones. Let us now examine 
several conceptual models of hailstone growth in the different thunderstorm 
models we have described previously. 
 
Optimum Conditions for Hail Growth 

•  Storms with strong updrafts (ω > 15-20 m/s) and large LWC’s. 

•  Early in growth of hail, TV W�  in large LWC region. 

•  Hailstones fall into strong downdrafts to minimize melting/evap. 

•  Moist hail growth occurs between –10 to –25oC. 
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The Soviet Hail Model 
 

The Soviet hail model builds on the ordinary thunderstorm model 
illustrated in Figure 7.21.  
 

Figure 7.21.  The Soviet hailgrowth model.  Left panel illus
favorable updraft profile.  Right panel illustrates the formati
accumulation zone. Bottom panel illustrates variation in term
raindrops with size 
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If the storm develops particularly vigorous updrafts and high liquid water 
contents during the growth stage, raindrops may form by collision and 
coalescence with smaller cloud droplets. As the growing raindrops are swept 
aloft, they continue to grow and eventually ascend into supercooled regions. 
If the updraft exhibits a vertical profile as shown in the insert of Figure 
7.21 with a maximum updraft speed (w) in the layer between -10 to -20°C, 
many raindrops may become suspended just above the updraft maximum. 
This is because the fall speed of raindrops approaches a maximum 
value slightly greater than 9 m/s for raindrops larger than 2.3 mm in radius 
(see lower insert Figure 7.21). The region just above the updraft maximum 
serves as a trap for large raindrops, and rainwater accumulates in the 
region as long as an updraft speed greater than 9 m/s persists.  Supercooled 
liquid water contents greater than 17 g/m3 have been reported in such 
regions. Normal values of supercooled liquid content rarely exceed 2-4 g/m3. 
 

If now a few supercooled raindrops freeze in the zone of accumulated 
liquid water content, they will experience a liquid-water-rich environment 
and hailstone growth can proceed quite rapidly.  Recent observations of 
thunderstorms near Huntsville, Alabama, USA, with multi-parameter 
Doppler radar revealed regions of very high radar reflectivity where ice 
particles were not detected. Light hailfall was observed at the surface. These 
observations are consistent with the Soviet hail model. 
 

The Soviets designed a hail suppression scheme around this concept 
in which artillery shells loaded with an artificial ice nucleant were targeted 
into the regions of high radar reflectivity. The exploding, artificial-ice-
nuclei-laden shells were hypothesized to freeze the supercooled drops before 
growing to hailstone size. By producing numerous, smaller frozen 
raindrops they theorized, supercooled liquid water would be depleted 
and only small hailstones would form; many melting before reaching the 
ground. Reports of the optimistic results of the Soviet hail suppression 
experiment spawned intensive research on hailstorms in the 1970's in the 
United States. The research was principally carried out in the U.S. High 
Plains, where cloud bases are high and the concentrations of cloud droplets 
are large. High concentrations of cloud droplets are a consequence of 
large numbers of aerosol particles that can activate cloud droplets over land 
masses.  Because the concentrations of cloud droplets is large, the sizes of 
cloud droplets is small, since liquid water that is condensed in a cloud must 
be distributed over the numerous droplets. Moreover, since cloud bases are 
high over the High Plains, the temperature of air entering cloud base 
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is relatively low. Because the amount of moisture air can hold without 
condensing decreases with temperature, air entering the bases of High Plains 
thunderstorms is relatively low in moisture content compared to lower-based 
clouds in the southeastern United States, for example. The combination of 
large cloud droplet concentrations, cold base temperatures, and little distance 
(time) between cloud base and the freezing level, means there is 
little opportunity for raindrops to form before freezing temperatures are 
encountered in High Plains thunderstorms. 
 

What this means is that the Soviet hail model is not applicable to vast 
regions of the High Plains of the United States and Canada. Nonetheless, the 
High Plains are plagued by some of the most frequent and damaging 
hailstorms anywhere in the world! Clearly, the presence of an accumulation 
zone of supercooled raindrops is not a necessary and sufficient condition for 
hail formation. 
 
Conceptual Model of Hail Formation in Ordinary Multicell Thunderstorms 
 

Previously we described a multicell thunderstorm as a 
storm containing several, cells each undergoing a lifecycle of 20-60 minutes. 
Over the High Plains of the United States and Canada, multicell 
thunderstorms are found to be prolific producers of hailstones; if not the 
very largest in size, at least the most frequent. Large hailstones grow during 
the mature stage of the cells illustrated in Figure 7.3 when updrafts may 
exceed 30 m/s. It is easy to calculate that, in such strong updrafts, the time-
scale for the growth of hailstones from small ice crystals to lightly rimed ice 
crystals, to graupel particles or aggregates of snowflakes, to hailstone 
embryos, is only 5 or 6 minutes! This time is far too short, as it takes some 
10-15 minutes for an ice particle to grow large enough to begin 
collecting supercooled cloud droplets or aggregating with other ice 
crystals to form an embryonic hailstone. The mature stage of 
each thunderstorm cell provides the proper updraft speeds and liquid water 
contents for mature hailstones to grow, but they must be sizeable 
precipitation particles at the time they enter the strong updrafts in order to 
take advantage of such a favored environment. Here is where the growth 
stage of each cell is very important to hailstone growth, as the weaker, 
transient, updrafts provide sufficient time for the growth of graupel particles 
and aggregates of snow crystals, which can then serve as hailstone embryos 
as the cell enters its mature stage. The growth stage of the multicellular 
thunderstorm thereby pre-conditions the ice particles and allows them to 
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take full advantage of the high water contents of the mature stage of the 
storm. Upon entering the mature stage, the millimeter-sized ice particles 
settle through the air at 8-10 m/s and therefore rise slowly as the updrafts 
increase in speed from 10-15 m/s at low levels to 25-35 m/s at higher levels. 
 
  As mentioned previously, the optimum growth of a hailstone occurs when 
the updraft speed exceeds the particle fall-speed by only a few meters per 
second. In that case, the hailstone rises slowly only a few kilometers as it 
collects supercooled droplets. Fortunately, not all multicellular 
thunderstorms develop hailstone embryos of the appropriate sizes during the 
growth stage nor do the embryos enter the updrafts of the mature cell at the 
right location for optimum hailstone growth. 
 
Conceptual Model of Hailstone Growth in Supercell Thunderstorms 
 

We have seen that the supercell thunderstorm is a steady thunderstorm 
system consisting of a single updraft cell that may exist for 2-6 hours. 
Updraft speeds are so strong that they are characterized by having a bounded 
weak echo region (see Figure 7.5a & b) in which  precipitation particles of a 
radar-detectable size do not form. Nonetheless, the supercell thunderstorm 
produces the largest hailstones, sometimes over very long swaths. Consider 
for example, the Fleming hailstorm that occurred on the 21st of June 1972. 
Figure 7.22 illustrates that this storm first reached supercell proportions in 
northeast Colorado and produced a nearly continuous swath of damaging 
hail 300 km long over eastern Colorado and western Kansas.  How can a 
storm system consisting of a single, steady updraft with speeds in excess of 
30 m/s develop hailstones before the ice particles are thrust into the anvil 
of the storm? 
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Figure 7.22.  Hourly positions of the Fleming hailstorm as determined by 
the NWS Limon radar (CHILL radar data used 1300-1500 MDT).  The 
approximate limits of the hailswath are indicated by the bold, dashed line.  
Continuity of the swath is not well established but total extent is.  Special 
rawinsonde sites were located near the towns of Grover, Ft. Morgan, 
Sterling and Kimball.   Contour intervals are roughly 12 dBZ above 20 dBz.                            
(From Browning, K.A., and G.B. Foote, 1976:  Airflow and hail growth in 
supercell storms and some implications for hail suppression.  Quart. J. Roy. 
Meteor. Soc., 102, 499-533. Copyright by the Royal Meteorological 
Society). 
 

Browning and Foote visualized hail growth in a supercell 
thunderstorm as a three-stage process illustrated in Figure 7.23.  During 
Stage 1, hail embryos form in a relatively narrow region on the edge of the 
updraft, where speeds are of the order of 10 m/s, allowing time for the 
growth of millimeter-sized hail embryos. Those particles forming on the 
western edge of the main updraft have a good chance of sweeping around 
the main updraft and entering the region called the embryo curtain on the 
right-forward flank of the storm. These particles will follow the trajectory 
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Figure 7.23.  (a) and (b) Schematic model of hailstone trajectories               
within a supercell storm based upon the airflow model inferred by               
Browning and Foote (1976).  (a) Shows hail trajectories in a vertical           
ection along the direction of travel in the storm.  (b) Shows these            
same trajectories in plan view. Trajectories 1, 2 and 3 represent the three                                 
stages in the growth of large hailstones discussed in the text.  The            
transition from stage 2 to 3 corresponds to the re-entry 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.  Other, slightly less favoured, hailstones will 
grow a little farther away from the edge of the vault and will follow 
trajectories resembling the dotted trajectory.  Cloud particles growing “from 
scratch” within the updraft core are carried rapidly up and out into the anvil 
along trajectory 0 before the can attain precipitation size.   (From Browning, 
K.A., and G.B. Foote, 1976:  Airflow and hail growth in supercell storms 
and some implications for hail suppression.  Quart. J. Roy. Meteor. Soc., 
102, 499-533.) 
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labeled 1 in Figure 7.23. By contrast, particles that enter the main updraft 
directly follow the trajectory labeled 0 and do not have sufficient time to 
grow to hailstone size. They are thus thrust out into the storm anvil. 

 
During stage 2, the embryos formed on the western edge of the main 

updraft are carried along the southern flank of the storm by the diverging 
flow field. Some of the larger embryos settle into the region of weak up-
drafts that characterizes the embryo curtain. The particles following the 
trajectory labeled 2 experience further growth as they descend in the 
embryo-curtain region. Some of the particles settle out of the lower tip of  
the embryo curtain and re-enter the base of the main updraft, commencing  
stage 3. 
 

Stage 3 represents the mature and final stage of hail growth, in which 
the hailstones experience very high liquid water contents and growth by 
collecting numerous cloud droplets during their ascent in the main updraft. 
The growth of hailstones from embryos is viewed as a single up-and-down 
cycle. Those embryos that enter the main updraft at lowest levels, where the 
updraft is weakest, are likely to have their fall speed nearly balanced by the 
updraft speed. As a result of their slow rise rate, they will have plenty of 
time to collect the abundant liquid water. Eventually their fall velocities will 
become large enough to overcome the large updraft speeds and/or they will 
move into the downdraft region and descend to the surface on the northern 
flank of the storm.  
 

Some researchers argue that hail embryos are not formed on the flanks 
of a single, main updraft, where updraft speeds may be weaker, but, instead 
the embryos form in towering cumulus clouds that are flanking the main 
updraft of the storm. They argue that the towering cumulus clouds are 
obscured by the precipitation debris falling out of the main updraft. Embryos 
thus can form in the transient, weaker towering convective elements and 
`feed' the main updraft with millimeter-sized embryos. In some 
thunderstorms, such transient, flanking cumulus towers are visually 
separated from the dominant parent cell. Such thunderstorms are a 
hybrid between the single supercell storm and  the ordinary multicell 
storm and are called organized multicell thunderstorms or weakly evolving 
thunderstorms. Such thunderstorms are characterized by a single, dominant 
cell, which maintains a steady flow structure similar to a supercell 
thunderstorm, including a BWER and a rotating updraft. They also contain 
distinct flanking towering cumulus clouds that can serve as the 
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manufacturing plant for hailstone embryos that can settle into the main 
updraft of the steady cell. The so-called ‘feeder’ cells have to be 
relatively close to the parent cell in order to be effective suppliers 
of hailstone embryos. Whether or not a supercell actually contains such 
embedded feeder clouds or is just a single cell is not known at the present 
time. 
 
7.5 Heavy Rain Producing Thunderstorms 
 

In many parts of the world, rainfall from cumulonimbus clouds is the 
dominant contributor to crop-growing-season rainfall and to the supply of 
water for people, livestock, and wildlife. Cumulonimbi can also produce 
heavy rainfall and flash floods, which can kill people, livestock and wildlife, 
and cause millions of dollars in property damage and losses. The amount of 
rainfall produced by a thunderstorm depends on the organization and  
structure of weather systems over a broad range of scales, extending from 
the global circulation down to the mesoscale and the scale of individual 
thunderstorms.    Rainfall from thunderstorms depends strongly on the 
moisture content of the airmass near the surface as well as the moisture 
content of the air through the depth of the troposphere. Often, flash floods 
occur during periods when the large-scale flow pattern appears innocuous, 
so that forecasters are likely to predict fair weather or ordinary 
thundershowers. Winds at low levels are generally strong (called a low-level 
jet) which fuels thunderstorms with moisture. The intersection of such a 
moisture-laden, low-level jet with mountains or hills creates a volatile 
situation in which uplifting of the moisture-laden jet can focus 
thunderstorms over specific locations, and the rainfall from those storms can 
be channeled down valleys, causing flash floods. The co-location 
of stationary, large-scale fronts or slowly-moving, upper-level troughs and 
mesoscale circulations such as sea-breeze fronts, mountain/valley slope 
flows, air rising over small, heated hills, or urban heat islands can be 
contributing factors to locally heavy rainfall. 
 

The presence of weak winds aloft and weak to moderate vertical shear 
of the horizontal winds is often a characteristic of the environment of heavy 
rainfall events. Weak winds aloft result in reduced storm motion and 
localized heavy rainfall, whereas fast winds aloft cause rain to spread over a 
large area as the storm translates with stronger winds.  
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Wind shear affects rainfall from thunderstorms in complicated ways. 
First of all, we know that the efficiency of precipitation production in 
thunderstorms varies with the strength of wind shear. Figure 7.24 illustrates 
the variation of precipitation efficiency with vertical shear of the horizontal 
wind for High Plains thunderstorms over the United States. Precipitation 
efficiency is defined as the ratio of the measured precipitation rate at the 
ground to the water vapor flux through the base of the cloud system. The 
figure suggests that cumulonimbi residing in high wind shears have low 
precipitation efficiencies, whereas clouds existing in a low 
windshear environment exhibit high precipitation efficiencies. 

 
Figure 7.24.  Scatter diagram of wind shear versus precipitation efficiency            
for 14 thunderstorms which occurred on the High Plains of North America.        
(From Marwitz, J.D., 1972: Precipitation efficiency of thunderstorms on 
the high plains.  J. de Rech Atmos., 6, 367-370. )  
 
 

To understand this result, let us examine the budget of water  
associated with a typical thunderstorm. The primary source of water for a 
cloud is the flow of water vapor into its base. As the air ascends and cools, 
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the vapor is converted into liquid droplets and some is further converted into 
liquid or frozen precipitation elements. A portion of the water rapidly falls 
out as surface rainfall, and some is ejected into the anvil portion of the 
cloud, where it eventually evaporates or slowly settles out as steady rainfall. 
Some of the water is evaporated at the sides of the cloud as dry, 
environmental air is entrained into the cloud. As the cloud decays, some of 
the remaining, small, cloud droplets and raindrops evaporate. Another 
portion evaporates in the dry, subcloud layer in low-level downdrafts. Figure 
7.25 illustrates the various sources and sinks of water entering the base of a 
thunderstorm. 

 
Figure 7.25. Illustration of the sources and sinks of water entering a 
thunderstorm. 
 

In an environment with stronger wind shear, the entrainment of dry, 
environmental air into the storm increases. The storm downdrafts become 
better organized, in part due to the evaporation of entrained dry air. As the 
rainfall descends in the downdrafts, the air compresses and warms, causing 
greater amounts of evaporation of rainfall. Moreover, in a strongly sheared 
environment, greater amounts of water are thrust out into the anvil of the 
storm. As a result, the storm system becomes a less efficient rain producer 
when the vertical shear of the horizontal wind is large. 
 

But increased wind shear is not always detrimental to precipitation 
amount.  Wind shear may increase the storm-relative flow of warm, moist 
air into the storm system by causing the storm illustrated in Figure 7.25 
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to move faster relative to the low-level flow. This may sustain the cloud 
lifetime, such that, even with reduced precipitation efficiencies, greater 
amounts of precipitation may be produced by the moving storm than in low-
shear environments. Moreover, the directional changes in winds with height 
can be important to thunderstorm rainfall. Figure 7.26 illustrates a 
multicellular thunderstorm system which develops in a wind profile where 
the low-level winds are perpendicular to the upper level winds (Figure 
7.26a), and in which the winds are parallel at all levels (Figure 7.26b). The 
strong winds aloft cause the rainfall to settle out of the storm in an elongated 
pattern parallel to the upper-level flow. As the rain settles into the sub-
saturated, sub-cloud layer, evaporation of the raindrops cools the low-level 
air and builds a high-pressure region, which is also elongated in a direction 
parallel to the upper-level flow. When the low-level flow is perpendicular to 
the upper level flow as in Figure 7.26a, the intersection of the low-level flow 
and the elongated, high-pressure region causes lifting of the moist, low-level 
air all along the line of convergence between the inflow air and 
thunderstorm-downdraft air. Consequently, new cell development occurs 
repeatedly along the line of convergence between the inflow air and the 
downdraft outflow at a nearly constant geographical location, 
yielding intense, persistent rainfall. 
 

When the low-level winds are parallel to the upper level winds, as in 
Figure 7.26b, only the leading edge of the thunderstorm outflow is exposed 
to the moist-low-level air. As a consequence, new cell development is 
localized to the upwind edge of the line, and the total volume of rainfall 
produced in the multicellular storm is correspondingly much less. 

Flash Floods 

Optimum conditions: 

•  High values of low-level moisture over U.S.  

 10 14 / .vr g kg−�  

•  Strong LLJ. 

•  Weak winds aloft and weak wind shear. 
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Figure 7.26.  Illustration of a multicellular storm growing in 
an environment. (a) The low-level winds are perpendicular to the middle- 
and upper-level winds, and (b) the low-level winds  parallel to middle- and 
upper-level winds. [Adpated from Miller, M.J., 1978:  The Hampstead 
storm:  A numerical simulation of a quasi-stationary cumulonimbus system.  
Q. J. R. Meteorol. Soc., 104, 413-427]. 
 


	Figure 7.7b.  A conceptual model of a high-precipitation supercell.  (a) The low-level precipitation structure and cloud features looking dwon from above.  (b) Visual structures from an observer’s point of view to the east of the storm [from Dosell and B

