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Topic 7: Convective Storm Structure and Evolution

Introduction
Topic 7 provides the foundation for understanding
the fundamentals of convective storm structure
and evolution. The training for Topic 7 is divided up
into several lessons based on storm type and their
associated conceptual models, environments, and
hazard signatures. Each of these lessons are bro-
ken up into short lessons (courses) on the NWS
Learning Center. The final lesson of Topic 7 is an
Instructor-Led Training (ILT) course.

------------------------------------------------------------------

Lesson 
Descriptions

The following describes individual lessons and
concepts covered in Topic 7:

Lesson 1: “Fundamental Relationships
Between Shear and Buoyancy on Convective
Storm Structure and Type”

Description: This lesson provides a review of the
basic relationships of environmental shear and
buoyancy and the resulting effects on convective
storm structure and evolution. The effects of dry
air on updrafts and downdrafts are also
addressed. In addition, the lesson defines the
ingredients for deep, moist convection (DMC). 

Lesson 2: “Ordinary Cell Convection”

Description: This lesson describes the behavior,
dynamics, and motion of ordinary cells. These are
cells that are depicted by weak environmental
shear of < 20 kts through the cloud-bearing layer.
Lesson Descriptions   7 - 13
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Lesson 3: “Severe Storm Updraft Identifica-
tion”

Description: This lesson provides general guid-
ance on interpretation and assessment of convec-
tive updrafts (i.e., “is the updraft severe or not?”).
The considerations for severe storm updraft
assessment include height and intensity of the
upper-level reflectivity core, convergence within
the storm, persistence, and shape of the updraft
as depicted by conventional 88D products. 

Lesson 4: “Updraft Detection Using Dual-
Polarization”

Description: This lesson provides general guid-
ance on interpretation and assessment of convec-
tive updrafts (i.e., “is the updraft severe or not?”)
using dual-polarization products along with con-
ventional products. The considerations for severe
assessment include new dual-pol structures such
as ZDR column, KDP column, low CC inflow, and
a low CC column. 

Lesson 5: “Single Cell Downburst Detection”

Description: This lesson provides instruction on
how to recognize common environmental and
storm signatures associated with both wet and dry
microbursts, as well as processes for high wind
generation from supercells. 

Lesson 6: “Severe Hail Detection”

Description: This lesson describes the common
signatures in radar and the environment that can
be used to infer the presence of severe hail. 
7 - 14    Lesson Descriptions
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Lesson 7: “Supercell Dynamics and Motion”

Description: This lesson discusses the effects of
shear on storm propagation and the Bunker’s ID
method for estimating supercell motion. In addi-
tion, we will describe the typical environments,
storm structures, and evolutions of supercells.

Lesson 8: “Supercell Morphology: Radar
Reflectivity Signatures”

Description: This lesson illustrates the conceptual
models and WSR-88D radar reflectivity character-
istics of supercells. 

Lesson 9: “Supercell Morphology: Velocity
Structure”

Description: This lesson describes the structure
and morphology of supercell velocity structures,
especially focusing on aspects of the mesocyclone
life cycle.

Lesson 10: “Supercell Morphology: Dual-
Polarization Characteristics”

Description: This lesson describes the structure
and morphology of supercell structures using the
dual-polarization products. Some features to be
discussed include ZDR arcs, ZDR rings, and KDP
columns. 

Lesson 11: “Supercell Archetypes”

Description: This lesson describes the environ-
mental, structural, and evolutionary differences of
various types of supercells.
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Lesson 12: “Analyzing Tornadic Scale Signa-
tures”

Description: This lesson describes the necessary
conditions for defining a Tornadic Vortex Signature
(TVS), a Tornado Signature (TS), and a Tornado
Debris Signature (TDS). The lesson provides the
relationship between the TS and the TVS to the
actual storm-scale circulation and shows exam-
ples where tornado debris is indicated, including
the use of dual-polarization products. The analysis
includes a discussion of both descending and non-
descending TVSs. 

Lesson 13: “Tornado Hazards” 

Description: This lesson provides a discussion of
tornado hazards from both supercell and non-
supercell storms. In addition, we present consider-
ations for incorporating both environmental and
radar data into tornado warning decisions.

Lesson 14: “Multicell Archetypes”

Description: This lesson provides a discussion of
the various multicell storm structures and evolu-
tions, including conceptual models of both cold
pool and non-cold pool driven systems. In addi-
tion, the effects of forcing on multicell archetypes
are discussed.

Lesson 15: “Multicell Longevity and Severity” 

Description: This lesson describes several factors
that affect multicell evolution, including vertical
shear, instability, and Coriolis forcing.
7 - 16    Lesson Descriptions
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Lesson 16: “Multicell Motion”

Description: This lesson presents the primary
mechanisms affecting multicell movement and
propagation. In addition, the lesson illustrates the
operational techniques used for estimating multi-
cell motion.

Lesson 17: “Rear-Inflow Jets in Multicells” 

Description: This lesson describes the dynamics,
morphology, and influence of the Rear-Inflow Jet
(RIJ) on multicell evolution. 

Lesson 18: “Line-End Vortices and Bow
Echoes”

Description: This lesson describes the formation
and evolution of line-end vortices in multicells with
special attention to radar characteristics and envi-
ronmental patterns of bow echoes. 

Lesson 19: “Multicell Severe Wind Detection”

Description: This lesson illustrates how to recog-
nize multicell storm signatures for monitoring and
anticipating damaging straight line winds (e.g., the
MARC signature). 

Lesson 20: “Flash Flood Meteorology”

Description: This lesson focuses on the mesoscale
and storm scale properties, such as precipitation
rate, efficiency, and duration, that are typically
associated with convective storms that produce
heavy rainfall and flash flooding potential. 
Lesson Descriptions   7 - 17
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Lesson 21: “Flash Flood Hydrology”

Description: This lesson focuses on the hydrologi-
cal properties that impact flash flooding, such as
basin characteristics, soil properties, and urban-
ization. 

Lesson 22: “Topic 7 Application and Case
Study” 

Description: This Instructor-Led Training (ILT) ses-
sion is designed to help students review concepts
described in the previous lessons. There will be
many examples shown in the teletraining which
depict the various convective structures and pro-
cesses.

Rationale Although this instruction is expansive, it is crucial
to understanding complex processes of convective
storm development and evolution. The knowledge
of convective storm processes directly relates to
your ability to predict and recognize storm hazards
in the warning process. The goal of this instruction
is to improve a forecaster’s ability to make effec-
tive use of radar, including the use of dual-polar-
ization products and other data in recognizing and
detecting severe convection. 

Completion
Requirements

There are several components to the overall train-
ing package in Topic 7:

• Prerequisite Modules:

•• “Skew-T Mastery” (Web based module
available in the LMS produced by the
COMET program) 

•• “The Operational Use of Severe
Weather Diagnostic Parameters” (Web
based course in the LMS)
7 - 18    Rationale
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• Required Courses

•• Web-Based Courses (Lessons 1-21)

•• Instructor-Led Training (ILT) Course
(Lesson 22; enroll via LWS)

The Topic 7 Student Guide is used to help summa-
rize and review the major topics related to convec-
tive storm structure and evolution. The Student
Guide is based on scientific findings related to
operational forecasting and warnings of convec-
tive storms. Students should use the Guide to sup-
port the instruction from the online training lessons
(Articulate presentations). In Topic 7, there are
several learning objectives which provide the basis
for test items in each lesson. The following section
discusses the pre-requisite objectives before start-
ing the main lessons in Topic 7. 

Pre-Requisite
Objective

Students must know how to determine and inter-
pret thermodynamic and kinematic quantities
derived from Skew-T log P soundings according to
pure parcel theory as provided by instruction in the
Skew-T Mastery module and WDTB’s Severe
Weather Diagnostic Parameters course. 

These two modules are designed to help the stu-
dent’s understanding of basic thermodynamic
sounding and hodograph interpretation and the
derived parameters associated with severe
weather diagnostics. It may take up to three hours
to complete both pre-requisite modules due to the
large number of sounding parameters currently
available. There are end of course assessments
required to complete both modules.
Completion Requirements   7 - 19
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Post-Requisite
Objectives

There is also a new post-requisite exercise to the
Severe Weather Diagnostic Parameters module.
This exercise can be used to complement the
learning of how to apply severe weather sounding
parameters for forecasting severe weather. These
are the Topic 7 post-requisite objectives,
addressed as a separate case study exercise and
practiced at the DLOC Workshop:

1. Given the following mesoscale data set and
without references, identify the potential for
ordinary, multicell, and supercell storm types at
specified locations.

2. Given the following mesoscale data set and
without references, identify the potential for
severe winds, hail, and tornadoes at specified
locations.

Exams For each lesson in Topic 7, there are test ques-
tions directly related to the learning objectives
as defined at the beginning of each lesson. 

Learning
Objectives

As in other DLOC topics, the learning objectives
are embedded throughout Topic 7. These learning
objectives are the key for learning the essential
points in the course. The learning objectives pro-
vide the basis for quiz and test items on the LMS.
The full list of objectives is shown below.

1. Determine influences of shear strength on
overall storm structure and evolution.

2. Identify influences of the buoyancy profile
on overall storm structure and evolution.

3. Identify influences of mid-level dry air on
storm structure and evolution.

4. Explain the role of shear depth in control-
ling the resulting storm structure and evolu-
tion.
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5. Explain the role of hodograph curvature in
controlling resulting storm structure and
evolution for strongly sheared environ-
ments.

6. Identify the characteristics of convection
associated with ordinary cells.

7. Identify how to anticipate the motion of ordi-
nary cells.

8. Identify the strength of the updraft based on
the height and intensity of the upper-level
reflectivity core.

9. Identify low-level and upper-level conver-
gence and divergence associated with the
updraft.

10.Identify common updraft shape signatures.

11.Assess the location and relative strength of
a thunderstorm updraft using Dual-Polariza-
tion-based signatures including: the ZDR
column, KDP column, and the low CC inflow
and column.

12.Identify where and when it may indicate an
updraft for each dual-polarization signature.

13.Identify the environmental and storm signa-
tures favorable for dry/wet microbursts.

14.Identify favorable environmental and radar
signatures of a high wind threat from super-
cells.

15.Identify the common signatures in radar
and the environment that can be used to
infer the presence of severe hail.

16.Identify the typical environment, storm
structure, and evolution of supercells.

17.Identify the effects of shear on storm propa-
gation.
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18.Identify the technique to anticipate the
motion of supercells.

19.Identify radar reflectivity characteristics of
supercells.

20.Identify the criteria for determining the pres-
ence of a mesocyclone.

21.Identify S-band dual-pol signatures com-
mon to supercells.

22.Describe the environmental, structural and
evolutionary differences that can produce
low precipitation, high precipitation, classic,
left moving and mini supercells.

23.Describe the necessary conditions for
defining a Tornadic Vortex Signature (TVS)
and a Tornado Signature (TS).

24.Understand the relationship between the TS
and TVS to the actual storm-scale circula-
tion.

25.Describe how to detect a dual-pol-based
Tornado Detection Signature (TDS).

26.Describe typical considerations involved in
the proper methodology for inferring a high
threat from mesocyclonic and non-mesocy-
clonic tornadoes.

27.Identify multicell storm structures and evo-
lutions including conceptual models
described in this lesson.

28.Identify the important factors that influence
the longevity and severity of multicell sys-
tems.

29.Identify the mechanisms that influence the
motion of a multicell.

30.Describe the morphology and the influence
of the Rear Inflow Jet (RIJ) on multicells.
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31.Identify the characteristics of bow echoes
and the mechanisms involved in their for-
mation.

32.Recognize multicell storm signatures for
monitoring and anticipating damaging
straight line winds.

33.Identify the mesoscale and storm-scale
variables related to precipitation rate and
duration that contribute to the flash flood
potential.

34.Identify heavy rainfall using WSR-88D and
Dual-Polarization radar technology.

35.Identify the hydrologic characteristics that
impact the flash flood potential and flash
flood guidance.
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Topic 7: Convective Storm Structure and Evolution

Lesson 1:  Fundamental Relationships Between Shear 
and Buoyancy on Convective Storm Structure and Type
IntroductionThis lesson describes some of the fundamental
relationships in the environment and how those
relationships, both kinematically and thermody-
namically, interact to form Deep, Moist Convection
(DMC). DMC can be classified many ways: Visual
appearances, radar signatures, satellite signa-
tures, morphology and life-cycle, and even by fun-
damental dynamic processes. An important
reason to classify DMC based on various struc-
tures and processes is that it will help you under-
stand the unique processes that lead to particular
radar signatures and associated storm hazards.
All of these subjects are treated throughout Topic
7.

Objectives• Determine influences of shear strength on
overall storm structure and evolution.

• Identify influences of the buoyancy profile
on overall storm structure and evolution.

• Identify influences of mid-level dry air on
storm structure and evolution.

• Explain the role of shear depth in control-
ling the resulting storm structure and evo-
lution.

• Explain the role of hodograph curvature in
controlling resulting storm structure and
evolution for strongly sheared environ-
ments.

BackgroundThe most commonly used convective classification
system on the planet is based on the individual cell
as a fundamental unit of DMC. 
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The types of DMC are organized by storm type,
including:

• Weakly sheared cells

• Moderate and strongly sheared cells

• Multicells

Individual weakly sheared (i.e., ordinary cells) then
strongly sheared cells (i.e., supercells) are dis-
cussed first as they comprise the basic structure of
individual cells in DMC. We then discuss the struc-
ture and behavior of multicells. It can be argued
that even individual cells experience periodicity in
updraft strength and precipitation behavior. In this
section, however, we describe the multicell storm
as that being governed by the interaction between
the cold pool and the near storm environment. And
so we define a group of ordinary cells, supercells,
or a combination of ordinary and supercells that
share a common cold pool and precipitation area
as a multicell. 

For each type of DMC, we will discuss the evolu-
tion, structure and motion of specific storm struc-
tures, and characteristics of the near storm
environments favorable for the occurrence of:

• Severe winds

• Large hail

• Tornadoes

• Flash flood producing rainfall

Shear Strength Based on observations and modeling studies, the
organization and longevity of convective storms
and storm systems tend to increase with increas-
ing magnitudes of vertical wind shear. For exam-
ple, ordinary cells tend to occur at the weakest end
of the shear spectrum, while supercell environ-
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ments generally possess some of the strongest
values of shear. Figure 7-1, from the COMET CD-
ROM A Convective Storm Matrix, illustrates the
integrated effects of vertical wind shear on the
spectrum of convective storm processes.

Effects of ShearGenerally speaking, longer hodographs (in
length) imply the presence of stronger vertical
wind shear (and subsequent horizontal vortic-
ity) in a layer of the atmosphere. Increasing ver-
tical shear creates more opportunities for storms
to develop mid-level rotation in and around their
updrafts. Another effect of vertical wind shear, due
to horizontal pressure gradients induced from ver-

Figure 7-1.  A schematic flowchart showing the fundamental concepts 
of convection. From A Convective Storm Matrix (COMET, 
1995).
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tical shear and an updraft column, is that a con-
vective cloud will become tilted in the direction of
the vertical shear vector. This tilting acts to distrib-
ute rainfall downshear from the updraft, and has
the potential to improve overall storm longevity.

Buoyancy
Influences

Increasing the buoyant energy in a convective
storm or system tends to increase the size,
depth, and strength of the individual convec-
tive cells, and the overall size and strength of
the whole convective system. The amount of
buoyancy and shear in the environment helps
determine storm type. A depiction of the relation-
ship between shear and buoyancy in numerically
simulated storms is shown in Figure 7-2. The gen-
eral relationship between buoyancy as expressed
by Convective Available Potential Energy (CAPE),
and Storm-Relative Helicity (SRH), in observations
of tornado proximity soundings are somewhat sim-
ilar to the numerical modeling results shown in Fig-
ure 7-2 (Edwards and Thompson, 2000). There
are some general relationships that can be gath-
ered from all these studies: 

• Increasing shear in a high CAPE environ-
ment can increase the probability of super-
cells.

• In low CAPE environments (such as in the
cool seasons), stronger shear environ-
ments may be sufficient to produce tor-
nadic storms. 

• External forcing mechanisms (i.e., fronts,
upper-level jet streaks, frontogenesis, and
density boundaries) and the strength of the
capping layer, estimated by convective
inhibition (CIN), also play a large part in
modulating convective initiation, storm
structure and resultant storm evolution. 
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Shear and buoyancy (as well as cold pool
strength) also play a role in determining squall line
and bow echo strength, but their variations and
relationships are not as well established as they
are for supercells. The multicell lessons later in
Topic 7 include more information on the relation-
ship of shear and buoyancy on squall line and bow
echo strength (multicell thunderstorms include
squall lines and bow echoes). 

Mid-level Dry AirThunderstorms that form in environments with
drier mid-level air (lower wet-bulb potential
temperature, Qw) will tend to produce stronger
evaporatively-cooled downdrafts and wind
gusts at the surface (Fawbush and Miller, 1954;
Browning and Ludlam, 1962; Foster, 1958).The
Fawbush and Miller (1954) “Type-I” composite
sounding for producing tornadoes exhibited dry,
capping air in mid-levels originating off the hot, dry
high Mexican plateau overlaying moist, boundary
layer air from the Gulf Coastal region. Early model-
ing studies of supercell thunderstorms in the
1980s suggested that greater instability, as mea-

Figure 7-2.  Distribution of buoyancy (CAPE, Lifted Index) and shear 
(hodograph length - Us) for three classes of storms in 
numerical model simulations from A Convective Storm 
Matrix (COMET, 1995).
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sured by CAPE, increased storm downdraft
strength (Weisman and Klemp 1982, 1984). In
addition, weaker shear, which implied less entrain-
ment, was found to produce stronger downdrafts.

Numerical cloud model simulations in A Convec-
tive Storms Matrix showed soundings with similar
CAPE and shear but different mid-level relative
humidity profiles such that dry mid-level air
seemed to weaken the storms. However, the dry
mid-level air did enhance the surface cold pool
produced by the rainy air in the downdraft. Thus, in
some cases, mid-level dry air, especially when it is
associated with steep, mid-level temperature
lapse rates, can enhance the strength of multicel-
lular systems like squall lines and bow echoes.
The reason for this dichotomous effect is that
mid-level dry air can be entrained into both
convective updrafts and downdrafts, decreas-
ing potential updraft buoyancy, but increasing
potential downdraft negative buoyancy. 

Downdraft Convective
Available Potential

Energy (DCAPE)

One of the parameters aimed at measuring down-
draft strength potential is Downdraft Convective
Available Potential Energy (DCAPE) (Emanuel
1994). Figure 7-3 illustrates how DCAPE (light
blue shaded area) is computed. We consider the
possibility that updraft containing precipitation and
environmental air mix with ensuing evaporational
cooling creating negative thermal buoyancy over a
vertical layer. The air cools to an average
(between 700-500 mb) of the environmental θw
(brown curve) and the updraft θw (orange curve). A
downdraft that is completely saturated would theo-
retically follow the mixed θw down to the ground
(thick blue curve). We can then integrate the tem-
perature difference between the environmental
temperature profile (red) and the downdraft θw to
calculate DCAPE.
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Cautions of Using 
DCAPE

There are a few cautions to apply to properly inter-
pret DCAPE. First, note that we started the inte-
gration at a specific level (700 mb) and called it the
downdraft initiation level. In actuality, there is less
certainty as to where the downdraft initiates than
an updraft. Most downdrafts initiate over a layer
rather than a level. That is why we used an aver-
age θw in a layer, in this case, 700-500 mb. How-
ever, we could be equally justified to start the
integration at a different level than 700 mb. Picking
a higher (lower) level most likely creates larger
(smaller) DCAPE. A second caution of using
DCAPE is that the downdraft most likely to be
unsaturated as evaporation is never efficient
enough to compensate for adiabatic compres-
sional heating of dry air. The downdraft conse-
quently never follows the theoretical θw curve and
instead warms more quickly in reality. Most likely,

Figure 7-3.  Computation of DCAPE (green shaded region). Thick 
green (red) line is environment dewpoint (temperature). 
Thick blue line is the average θw, thick grey line is the 
downdraft initiation level situated at the bottom of the dry 
layer, and the thick orange line is the θw the updraft.
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the realized DCAPE is much less than the theoret-
ical leading to a weaker than expected downdraft.
As a third caution, DCAPE does not account for
negative buoyancy due to precipitation loading. A
reflectivity core of 60 dBZ or greater may create
enough precipitation loading that is comparable to
all the negative thermal buoyancy in the sounding.
This leads to a stronger downdraft than the
DCAPE suggests. Finally, DCAPE does not
account for non hydrostatic downward directed
pressure deficits that result from strong mesocy-
clogenesis or divergence beneath the level of
interest. A Rear Flank Downdraft (RFD) in a super-
cell derives a significant portion of its forcing from
a downward directed, non hydrostatic pressure
deficit.

In a simulation from Gilmore and Wicker (1998),
DCAPE was shown to be a poor indicator of down-
draft intensity, or low-level outflow strength, due to
parcel theory assumptions. Entrainment of envi-
ronmental dry air dilutes thunderstorm downdrafts
and significantly changes the Qw of parcels. This
dilution increases with greater vertical wind shear
or when downdraft parcels with low Qw descend
from higher altitudes. As a result, increases in
kinetic energy due to evaporative cooling within
the downdraft are much less than predicted. 

Effect on Storm
Evolution Due to Vertical

Placement of Dry
Midlevel Air

In a three-dimensional modeling simulation,
Gilmore and Wicker (1998) found that mid tropo-
spheric dryness helped induce significant differ-
ences in low-level supercell storm morphologies
and evolutions (Figure 7-4). The model sounding
they used is also provided for cases with very dry
mid-level air (due to smaller vertical wind shear
and lower-altitude dry air placements), they found
that the resulting low-level outflow moved out
faster than the mid-level mesocyclone, which
7 - 32    Mid-level Dry Air



Topic 7: Convective Storm Structure and Evolution
tended to weaken the thunderstorm updraft and
the associated mesocyclone. On the other hand,
greater mid-level moisture (due to stronger wind
shear and/or higher altitude dry air placement),
induced a delayed (and weaker) surface outflow
which enhanced the updraft. Cases with dry air at
higher altitudes were less able to bring their mini-
mum Qw air down to the surface due to a reduced
evaporative cooling rate aloft and a longer path
where mixing between the downdraft and environ-
ment would occur. In greater mid-level moisture
cases, the resulting speed of the low-level storm
features maintained alignment of the mid-level
mesocyclone and thus, increased storm longevity. 

Figure 7-4.  Evolutions of a) maximum updraft, b) maximum downdraft below z=3 km, c) minimum Θw at 
z=100 m, and d) maximum vertical vorticity at z=100 m for supercell simulations with driest modi-
fied air at z=2.3 km. The value “C” represents the control case while others are represented by their 
respective water vapor mixing ratios (g/kg) at the height of the driest modified air. Two minute sam-
pling from the model data is plotted. (From Gilmore and Wicker, 1998)
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Rules of Thumb for Mean
Relative Humidity (RH)

Based on operational severe storm forecasting
rules, mean Relative Humidity (RH), as indicated
from RAOBs and model soundings as the average
RH in the column from near the surface (~1000
mb) to midlevels (~500 mb), is usually greater than
40-45% in severe thunderstorm environments.
This empirical rule is a result of synoptic environ-
ments supportive of severe weather containing a
dry midlevel layer overlying a moist boundary
layer. If the environment indicates more saturation
through a deep layer (70% mean RH), then, all
other factors being equal, storms are more likely to
produce heavy rain as opposed to organized
severe weather. Thus, as is the case with most
other thermodynamic parameters, storm or
system evolution is not simply related to a sin-
gle parameter such as mid-level dry air. 

Inverse Relationship
Between DCAPE and

Mean Winds in
Estimating Cold Pool

Strength

From a study (Evans and Doswell, 2001) of
derecho environments using proximity soundings,
it was suggested that there is an inverse relation-
ship with DCAPE and mean wind (0-6 km layer).
DCAPE was used as an estimate of the potential
cold pool strength. When the mean wind and large
scale forcing were weak, the potential for strong
downdrafts and resulting cold pools played a dom-
inant role in creating strong surface winds. On the
other hand, when the mean wind and synoptic
forcing were strong, severe surface winds
occurred with relatively weak downdrafts and cold
pools. Thus, mid-level dry air might not be as
important when stronger environmental winds (and
shear) are present. 

Shear Depth While the magnitude of vertical shear is known to
be vitally important for supercell potential, the
depth, shape, and location of strongest shear in
the total shear profile also strongly affects convec-
tive storm behavior. In particular, from observa-
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tions of both significant (F2 or greater)
tornadic supercells and long-lasting multicell
(derecho) systems, ambient shear was stron-
gest in the lowest 1-2 kilometers above the
ground (Evans and Doswell, 2001). Shear that
extends through a deep layer (8-9 km AGL) influ-
ences the resulting flow pattern in the storm sys-
tem by varying the distribution of hydrometers and
precipitation.

Shallow shear in supercells may produce a
stronger and colder RFDs, which might inhibit
low-level tornadogenesis (Brooks et al., 1994).
Shear depth, when combined with storm (or
system) motion, determines to a large extent
the resulting organizational mode of most
storm types. For example, in an environment with
relatively uniform thermodynamic characteristics,
the shear will be deeper for significant torna-
does on average than for other storms (and
storm types). Moreover, when deep shear is
weaker, it is the speed of the storm (or storm sys-
tem in the case of multicells) which determines the
intensity and longevity of the storm (or system).
The resulting rear-to-front flow progressively
increases in the mid and upper levels for discrete
supercells. In contrast, deep system-relative flow
(front-to-rear flow) from the surface through mid
and upper levels is critical in the organization and
maintenance of multicell systems, such as
derechos. 

These results are similar to numerical simulations
where strong, shallower shear environments were
less likely to produce long-lived supercells than
environments with strong deeper shear. In terms
of convective line systems, the simulations indi-
cated a relationship between shallow shear and
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resulting cold pool strength. The process led to
deeper lifting along the leading edge of convec-
tion, and produced longer-lived organized squall
lines and bow echoes (Figures 7-5  and 7-6). By
contrast, weaker, shallow shear environments pro-
duced weaker convective systems. The simulation
only tells part of the story. Environmental instability
and system relative flow must also be considered.

 Hodograph
Curvature

Both straight and curved hodographs produce
equally strong supercells given enough shear.
However, straight hodographs allow both the right
(cyclonic) and left (anticyclonic) moving supercells
to be equally strong. Clockwise (counterclockwise)
turning hodographs favor the right-moving (left-
moving) supercell and weakens the left-moving
(right-moving) member. As an example, note the
mirror image cyclonic and anticyclonic supercells

Figure 7-5.  Planview map at 4 km above surface of a model simula-
tion of convection three hours after initiation using the 
hodograph with 30 m/s of shear over 7.5 km. Colored 
regions represent vertical velocity while thin yellow isohy-
ets are vertical vorticity. The white vectors are system-rela-
tive winds. From A Convective Storm Matrix (COMET, 
1995).
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in Figure 7-7 within an environment characterized
by unidirectional shear (straight hodograph exam-
ple). Conversely, applying the curved hodograph
with the same shear magnitude, the cyclonic
supercell dominates and the anticyclonic supercell
is almost gone (Figure 7-8). For more examples,
see A Convective Storm Matrix (COMET, 1995).

Another way to analyze the differences between
straight and curved hodographs is from a stream-
wise vorticity perspective (Davies-Jones, 1984).
An updraft moving with the mean wind in a unidi-
rectional shear environment (straight hodograph)
tilts only crosswise vorticity. To create a high posi-
tive vorticity updraft, it is necessary to tilt stream-
wise vorticity. The updraft must move off the
hodograph before being able to tilt streamwise
vorticity. An updraft moving with the mean wind in
a clockwise-turning curved hodograph is able to tilt
streamwise vorticity without even having to move
away from the mean wind.

Figure 7-6.  As in Figure 7-5 except now there is 30 m/s of shear over 
2.5 km. From A Convective Storm Matrix (COMET, 1995).
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Figure 7-7.  Model simulation of updraft strength (shaded colors) 
and vorticity (yellow contours) at 4.6 km above surface 
and 1.5 hours after initiation for the straight hodograph 
shown in the inset. The hodograph has 46 m/s of shear 
over five kilometers. From A Convective Storm Matrix 
(COMET, 1995).

Figure 7-8.  Similar to Figure 7-7, except for a curved hodograph with 
similar shear. From A Convective Storm Matrix (COMET, 
1995).
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Topic 7: Convective Storm Structure and Evolution

Lesson 2:  Ordinary Cell Convection
IntroductionIf the most fundamental unit of deep, moist con-
vection (DMC) represents an individual cell, ordi-
nary cells represent the most common form. This
lesson describes the lifecycle of an ordinary cell,
its behavior, its dynamics and motion.

Objectives• Identify the characteristics of convection
associated with ordinary cells.

• Identify how to anticipate the motion of
ordinary cells.

Typical EnvironmentThe formation of convection is dependent on suffi-
cient instability. It is the vertical wind shear that
modulates how the convection is organized. By
convention, shear in the layer from near the sur-
face to 6 km AGL (Above Ground Level) will nor-
mally determine whether ordinary cells or
supercells are more likely. If the shear in this
layer is less than 20 kts (10 m/s), ordinary cells
dominate. There are caveats to picking the right
shear layer to determine the most likely cell type.
The vertical extent of the shear layer should
represent approximately the lower half of the
convective layer. 

Ordinary Cell EvolutionWhile most convection contains groups of cells,
the life cycle of each cell is often similar to that of
an isolated ordinary cell. Typically, an ordinary cell
undergoes a life cycle that lasts for an average of
30 minutes from first towering cumulus to dissipa-
tion (Figure 7-9). A single ordinary cell is a bubble
of warm, rising air concentrated near the top of the
cloud which leaves a cloudy trail in its wake. It pro-
duces precipitation that falls to the ground accom-
panied by the downdraft while the remaining
updraft flattens out at the equilibrium level. An
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example of this process has been referred to as a
pulse storm. Pulse storms were originally refer-
enced in “Radar and Meteorology” written by Bur-
gess and Lemon (1990) and edited by David Atlas. 

The initial towering cumulus causes sharp gradi-
ents in the refractive index of the atmosphere
along the cloud edges. These gradients scatter
just enough of the incident WSR-88D energy back
to result in -10 to 0 dBZ echoes just above the
boundary layer. The first real precipitation
echoes (10-20 dbZ) develop as the towering
cumulus top rises into the subfreezing layer.
The most intense core develops as the updraft
passes through the -10o to -20oC layer. Stronger
initiating updrafts will produce more intense reflec-
tivities to higher elevations. 

Figure 7-9.  A schematic of the life cycle of an ordinary convec-
tive cell (COMET, 1996).
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Onset of DowndraftA downdraft is likely to initiate as the reflectivi-
ties in the precipitation core exceed 45-50 dBZ.
The downdraft usually begins between 15 and 20
minutes after cell initiation. As the downdraft com-
mences, environmental air becomes entrained into
the core. If that air is dry, significant evaporational
cooling in the core largely contributes to the
strength of the downdraft. The base of the
descending precipitation core and the downdraft
are typically, but not always, coincident. Therefore,
when the core has reached the ground the down-
draft begins to spread out into a cold pool. At this
time, the updraft remains strong on or around one
side of the descending core.

At 25-30 minutes after initiation, the updraft
begins to weaken as the outflow stabilizes the
low-level environment at its roots. Without a
continuous feed of unstable low-level air in a
weakly sheared environment, the updraft dies in
the lowest several km above the ground, leaving
an anvil behind.

Weakly Sheared Cell 
Motion

An example of the evolution of a ordinary thun-
derstorm is depicted in a series of radar
images from Columbia, South Carolina from 5
July 2012 (1900 to 2100 UTC). The loop will be
provided in the online lesson on Ordinary
Cells. The sounding shown in Figure 7-10 illus-
trates the lack of deep shear. In this event, two
cells went up and maximized their updrafts by
1946 UTC forced by an outflow boundary to the
south of the radar (see Figure 7-11). At 1951 UTC,
you can see a divergence signature as the closest
storm’s downdraft hits the ground (Figure 7-12).
The cross-section (Figure 7-13) through this cell
shows a vertically stacked structure with the most
intense core at approximately 28 kft, which is
approximately the -20o C level.
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Single cell storms in the absence of significant
shear move with the flow at any level (which is
not surprising since the flow at any one level is
nearly the same as any other level). Adding verti-
cal wind shear complicates the prediction of single
storm motion since an updraft experiences a
range of flows depending on the storm’s depth and
the magnitude of the shear. However, early stud-
ies, such as the “Thunderstorm Project,” found a
solid relationship between a mean steering-layer
wind and thunderstorm motion (Byers and Bra-
ham, 1949). Most schemes for estimating con-
vective steering-layer flow use the mean 0-6
km AGL wind.

Figure 7-10.  A RUC (RAP) sounding at 1800 UTC on 4 July 2012 
from KCAE showing a typical environment for ordinary cell 
convection. Note relatively weak steering layer flow (0-8 
km vector shear = 335 deg @ 4 kts). 
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In the example shown here, storms moved slowly
to the south based on the mean 0-8 km average
flow of 335 deg @ 4 kts. They tended to maximize
their overall vertical extent after the leading edge
of the outflow boundary had passed. The depth
and orientation of the convergence in the bound-
ary, plus the ambient air profile, were all factors
determining when and where storms initiated.

Computation of     
Ordinary Cell Motion 
Using 0-6 km Mean Wind 

Since air density increases exponentially toward
the ground, a common mean wind calculation is
weighted by density, therefore giving more influ-
ence to the low-level flow. Using the raw 0-6 km
mean wind or the 0-6 km density-weighted mean
wind provides a relatively accurate method for
estimating ordinary thunderstorm motion in most
cases. If the averaging utilized a deeper layer
(e.g., 0-12 km), then weighting the average by
density becomes more important to producing
accurate results. 

Figure 7-11.  KCAE 0.5 deg Z at 1946 UTC on 5 July 2012.
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Limitations in Using 0-6
km Mean Wind for All

Cases

Beware of using 0-6 km mean wind alone for esti-
mating ordinary storm motion. Low- (high-)
topped storm motion may be better predicted
by a shallower (deeper) mean wind. For exam-
ple, Wilson and Megenhardt (1997) found a rea-
sonable steering layer flow for summertime Florida
thunderstorms was the 2-4 km layer. However, for
the typically deeper thunderstorms on Tiwi Island
(near Darwin, Australia), the same layer mean
wind calculation proved less accurate in estimating
thunderstorm motion (Wilson et al., 2001). Con-
sider using the cloud-bearing mean wind layer.

Weakly Sheared Cell
Updraft Considerations

The life cycle of a weakly-sheared cell just
described represents the processes that occur in
most, if not all, observed thunderstorms. However,
the timing and the intensity of the updraft vary
widely depending on the environment.

Figure 7-12.  Divergent signature associated with the collapse of the 
downdraft from an ordinary pulse storm from KCAE 0.5 
deg V at 1951 UTC.
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Updraft StrengthGiven a representative value of CAPE, a maxi-
mum theoretical updraft velocity (Wmax) can be
derived ( ). However, this esti-
mate does not take into account precipitation
loading or dry air entrainment. Most ordinary
cell updrafts reach only about 50% of Wmax
due to these effects.

Effects of Precipitation 
Loading

For example, a storm with 3000 J/kg of CAPE over
18 km of depth will have a weaker updraft acceler-
ation than one with the same CAPE over 12 km. A
weaker updraft acceleration increases the
chance that precipitation loading will diminish
the strength of the updraft before it has a

Figure 7-13.  FSI cross-section showing development of new, stronger 
updraft in an pulse storm as indicated by 60 dBZ reflectivity 
core from KCAE at 1951 UTC. 

Wmax 2CAPE=
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chance to reach the high theoretical speeds.
Stronger updraft accelerations advect cloud con-
densation nuclei upward so quickly that significant
hydrometeor growth does not occur. Therefore, it
is important to look at not just the CAPE, but also
how that CAPE is distributed in the convective
layer. CAPE density (or normalized CAPE) is one
way to estimate this distribution. 

Updraft Strength and
Entrainment

Given the same CAPE and CAPE density, not all
updrafts will be the same. Some storms remain
weak regardless of the environmental CAPE. Nar-
row updrafts are likely to entrain dry air to the
core limiting updraft strength. Also, significant
mid-level dry air can increase the entrainment effi-
ciency reducing the strength of an updraft even
given large values of CAPE. The effects of wind
shear upon updraft strength are neglected until
later in this lesson.

Given the effects of entrainment, look for these
factors when assessing storms’ updraft potential.

• The widest updrafts allow the updraft core
to be protected. Satellite imagery of the width
of the cumulus, or radar imagery of the mid-
level precipitation core width, are two ways to
estimate which storm will have the least
entrainment potential.

• Secondary updrafts developing near a pre-
vious storm may grow in a more moist mid-
level environment than what the models or
RAOBs indicate. 

• A large area of towering cumulus growing
in a region of mesoscale ascent (e.g., a
boundary) provides a clue that the environ-
ment will be more moist than analysis
show.
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Topic 7: Convective Storm Structure and Evolution

Lesson 3:  Severe Storm Updraft Identification
IntroductionThe first step in gauging the potential severity of
an ordinary cell is detecting the location and
strength of its updraft. Unfortunately, the WSR-
88D cannot directly observe updraft strength
since its radial velocity detection capability is
mostly in the horizontal. Therefore, other tech-
niques must be used to infer the location and
strength of an updraft.

This lesson describes the best techniques for
inferring the presence of strong updrafts associ-
ated with severe storms using WSR-88D data. By
severe, we mean any storm which produces winds
> 50 knots, hail > 1-inch, and/or a tornado.

Objectives• Identify the strength of the updraft based
on the height and intensity of the upper-
level reflectivity core.

• Identify low-level and upper-level conver-
gence and divergence associated with the
updraft.

• Identify common updraft shape signatures.

Background on 
Updrafts

As discussed in Lesson 2, estimation of the maxi-
mum updraft strength (Wmax) does not take into
account precipitation loading or dry air entrain-
ment. Therefore, most ordinary cell updrafts reach
only about 50% of Wmax due to these effects.

Effects of Precipitation 
Loading

For example, a storm with 3000 J/kg of CAPE over
18 km of depth will have a weaker updraft acceler-
ation than one with the same CAPE over 12 km. A
weaker updraft acceleration increases the
chance that precipitation loading will diminish
the strength of the updraft before it has a
chance to reach the high theoretical speeds.
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Stronger updraft accelerations advect cloud con-
densation nuclei upward so quickly that significant
hydrometeor growth does not occur. Therefore, it
is important to look at not just the CAPE but also
how that CAPE is distributed in the convective
layer. CAPE density (or normalized CAPE) is one
way to estimate this distribution. 

Updraft Strength and
Entrainment

Given the same CAPE and CAPE density, not all
updrafts will be the same. Some storms remain
weak regardless of the environmental CAPE. Nar-
row updrafts are likely to entrain dry air to the
core limiting updraft strength. Also, significant
mid-level dry air can increase the entrainment effi-
ciency, reducing the strength of an updraft even
given large values of CAPE. The impact of mid-
level dry air is graphically represented by the more
severe loss in parcel theta-E in Figure 7-14A rela-
tive to Figure 7-14B despite the same CAPE (or
MLCAPE).

Given the effects of entrainment, look for these
factors when considering the storm with the great-
est updraft potential.

• Look for the presence of dry air in a sound-
ing that could mix with the updraft air diminish-
ing its buoyancy.

• The widest updrafts allow the updraft core
to be protected. Satellite imagery of the width
of the cumulus, or radar imagery of the mid-
level precipitation core width, are two ways to
estimate which storm will have the least
entrainment potential. Large Bounded Weak
Echo Regions (BWER)s can be used to infer
updraft size. Wide updrafts may also manifest
themselves as areas of low spectrum width.

• Secondary updrafts developing near a pre-
vious storm may grow in a more moist mid-
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level environment than what the models or
RAOBs indicate. 

• A large area of towering cumulus growing
in a region of mesoscale ascent (e.g., a
boundary) provides a clue that the environ-
ment will be more moist than analysis
show.

The Effect of Vorticity on 
Updraft Strength

A very intense updraft can form in a relatively low
updraft buoyancy environment if it is well corre-
lated with significant vertical vorticity in mid-levels.
As will be discussed in later lessons, a significant
mid-level mesocyclone is occupied by a dynamic
pressure perturbation pressure minimum that can
significantly boost updraft strength. Some esti-
mates based on numerical model studies suggest
more than 50% of the updraft strength can be
attributable to dynamic pressure forcing (see
McCaul and Weisman, 1996).

Figure 7-14.  A conceptual model of the impact of dry air entrainment upon updraft strength. The skew-T in 
each diagram shows the vertical profile in temperature (red), dew point (green dashed line), the 
potential temperature (red thick line) and specific humidity (thick green line) of a surface-based 
lifted parcel. The equivalent potential temperature of an updraft parcel is shown by the thick 
dashed black curve. In part A) the dry mid-level air entrains into the parcel causing its Theta-e to 
drop with height and its updraft to be weak. In part B) the moist mid-level air helps preserve the 
original parcel Theta-e. The inset images are updrafts that may represent the updraft parcels
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Updraft Location
and Strength

The most common technique for inferring an
updraft’s location is to observe the location of
its upper-level reflectivity core as it reaches the
maximum height in its lifecycle. Hydrometeor
growth is maximized as the most intense part of
the updraft passes through the -12oC to -20oC
layer. Therefore, the highest reflectivity core in a
layer centered just a bit higher should reveal the
location of the strongest updraft.

A good example of a reflectivity signature of 40-50
dBZ surpassing the -20oC is provided in Figure 7-
15. Both storms were sampled by KFFC at the
same stage in their development in the weakly
sheared environment. However, note that the max-
imum reflectivity in the storm in Figure 7-15B was
at a higher altitude. It went on to produce a severe
downburst in Atlanta while no severe reports were
received from the storm in Figure 7-15A.

The intensity and altitude of the elevated core
both increase as an updraft’s intensity
increases (Burgess and Lemon, 1990). The maxi-
mum height of the 45, 50, and 55 dBZ reflectivities

Figure 7-15.  Reflectivity cross section through two ordinary cells during similar stages of their updraft-domi-
nant stage on 3 July 2012 from KFFC. Both storms were approximately 32 nm from the radar.
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in a storm reach higher altitudes for more intense
updrafts. As updraft intensity increases, the
likelihood for intense downdrafts and large hail
also increases given the same environment.

Several studies have attempted to relate the maxi-
mum height of high reflectivity envelopes to storm
severity. Cerniglia and Snyder (2002) noted that as
the 55 dBZ reflectivity reaches higher altitudes, the
False Alarm Rate (FAR) decreases for some types
of severe reports (wind or hail). Another study
(Gerard, 1998) examined 64 storms from either
the Jackson, MS CWA or the Cleveland, OH CWA,
and found that those storms with 65 dBZ above
the 0oC level were severe 96% of the time. They
defined a hit for severe storm as having a report of
at least 0.75 inch hail or a wind gust exceeding 50
kts. 

Cautions about Using 
Just Height of 
Reflectivity

Single height reflectivity guidance suffers from a
rapid decrease in accuracy with increasing range
owing to beam width, beam filling, gaps in VCP,
and refractive index. Please be careful when you
consider these radar-calculated heights in this les-
son or in scientific literature. You will likely have
more success comparing heights for storms at the
similar ranges. But no matter, vertical sampling
issues means the height of any single reflectivity
feature will always have a large uncertainty. 

Vertically Integrating 
Strong Reflectivity Aloft

One way to reduce the impact of radar sampling
limitations on estimating updraft intensity is to ver-
tically integrate the vertical reflectivity profile of a
storm from the freezing level to the top. This
method is more resistant to changes in sampling
from one volume scan to the next. Recall from
Topic 5 that the Hail Detection Algorithm (HDA)
actually accomplishes such a task in its calcula-
tions (see Witt et al. 1998). The Severe Hail Index
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(SHI) is essentially a vertical integration of strong
reflectivities above the freezing level. The hail size
uses the SHI as its major input which makes the
product quite useful in evaluating updraft strength.
Take note that VIL and VIL density also vertically
integrates reflectivity. Notice in Figure 7-16 how
volatile the height of the maximum reflectivity in
the storm can be relative to the VIL and maximum
expected hail size (both integrated quantities). 

Figure 7-16.  A storm time trend set showing height of maximum 
reflectivity (top), maximum expected hail size from the 
HDA (middle), and VIL (bottom) for 16 August 2008 at 
1939 UTC, Burlington, VT.
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The reflectivity profile during the young phase of a
severe thunderstorm often shows a very top heavy
signature where the most intense reflectivities may
lie above the -20oC level. Notice in the example
provided in Figure 7-16 that the VIL and VIL den-
sity were quite low during this phase of the thun-
derstorm since both quantities depend on
integration of the entire column of reflectivity. VIL
density is VIL normalized by the echo top height
(see Amburn and Wolf, 1997). In order for those
numbers to increase, the reflectivity core would
have had to descend while still maintaining its ver-
tical altitude. However, the HDA, integrating only
reflectivities colder than freezing, emphasizes only
the reflectivity above freezing where it’s most likely
collocated with updraft. Higher reflectivities are
likely with stronger updrafts.

The reflectivity core deepened and intensified over
the next five minutes allowing the VIL and VIL den-
sity to increase in value. Waiting for VIL and VIL
density to increase to its maximum value before
issuing a warning invites a zero or negative lead
time. Contrast the reflectivity profile in Figure 7-17
between two ordinary cells in their updraft-domi-
nant phases. The dashed reflectivity profile of the
cell that initiated at 2142 UTC showed higher val-
ues above the freezing level and lower values
closer to the ground compared to the earlier storm
at 2028 UTC.

The highest reflectivity for both storms was located
above the freezing level. However the 2142 UTC
cell had stronger reflectivities in the 0 to - 20oC
layer. In fact, they helped to boost the Maximum
Expected Size of Hail (MESH) much higher than
the 2028 UTC cell. While these values were
greatly overestimated for a weakly sheared and
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short-lived cell, the differences in the MESH
helped to highlight the much stronger updraft in
the 2142 UTC cell (Figure 7-18).

The VIL failed to show a significant difference in
value between these two cells in their updraft dom-
inant phase. In fact, the cell with the weaker
updraft had a slightly higher value of 51 kg/m2
(see Figure 7-19). This was because the 2028
UTC scan of the cell showed more reflectivity at
low levels. VIL density also showed higher values
for the 2028 UTC cell. VIL is a great tool for show-
ing the cells with the deepest and most intense
reflectivities but it is not so great to evaluate which
storm may have the strongest updraft.

To summarize, the radar beam height uncertain-
ties are just too great to allow you to hinge your

Figure 7-17.  A comparison of two vertical reflectivity profiles of newly 
initiated ordinary cells near Atlanta, GA on 3 July 2012. 
The dashed (solid) profile is from a cell 32 nm northeast 
(northwest) of KFFC at 2142 (2028) UTC shown in Figure 
7-15A (Figure 7-15B) respectively. The heights of the 0 
and -20 degree C levels were taken from the 1800 UTC 
RUC environmental analysis.
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warning decision on a single height threshold of
reflectivity (e.g., height of the 55 dBZ echo).
Instead, determine the shape and intensity of the
reflectivity profile as it extends into the subfreezing
layer in a storm as it’s intensifying. Storms with a
top heavy reflectivity profile (e.g., highest reflectiv-
ity at the highest levels) are more likely to be
severe than those with bottom heavy profiles.
Additionally, a storm with a top heavy reflectivity
profile signifies the production of a core with large
hail aloft before it descends to the surface.

Velocity Signatures as 
Updraft Intensity 
Estimation

All convective storms exhibit some amount of low-
level convergence as air enters the updraft, and
upper-level divergence near the equilibrium level
as air diverges from the updraft. For severe
storms, the updraft intensity is likely to be higher
and so is the intensity of the convergence and
divergence signatures. The ability of the WSR-88D
to detect these signatures depends on how well

Figure 7-18.  Similar to Figure 7-17 except the parameter is the Maxi-
mum Expected Hail Size (MESH). This profile was created 
by calculating MESH from each height. 
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the total convergence and divergence velocity pat-
terns are reflected in the radial velocity-only pat-
terns. In many cases, the WSR-88D is able to
adequately sample convergence and divergence
affording you another tool to evaluate updraft
intensity.

Storm Top Divergence
Signature

Radar base velocity or storm-relative velocity data
show a divergent flow pattern at the storm summit
once the equilibrium level has been reached and
an anvil begins to form. The center of the diver-
gence indicates the updraft summit location.
The intensity of the divergence is positively
correlated to the intensity of the updraft (Witt
and Nelson, 1990). The maximum inbounds and
outbounds can be quite strong, exceeding 50 kts
in both directions in the stronger storms. As an
example of storm top divergence, see Figure 7-20
of the ordinary cell that we showed in Figure 7-
15A. Note that the divergence axis and the reflec-
tivity core roughly coincide. This storm top diver-

Figure 7-19.  Similar to Figure 7-17 except for VIL.
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gence (ΔV) was about 80 kts as determined from
sampling the maximum and minimum velocities
found around the overshooting top sampled by lift-
ing and dropping the CAPPI and moving the verti-
cal cross section east and west in FSI. 

Sampling Issues with 
Estimating Storm Top 
Divergence

Sampling issues may prevent you from sampling a
storm’s divergence signature:

• Shallow divergence may be missed by wide
beams or VCP gaps. Beam widths and/or gaps
should be less than 2 km. To reduce its impact,

Figure 7-20.  Radar beam sampling the top of a young storm northeast of the WSR-88D Peachtree City, 
GA on 3 July 2012 at 2147 UTC. For both A and B, the CAPPI is set at 44 kft ARL for the 
velocity (left) and reflectivity (right). The yellow double arrowed line shows the vertical cross 
sections shown below (C and D). The maximum and minimum radial velocities are labeled 
within each velocity panel (A and C).
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use one of the 14 elevation angle VCPs (11,
211, 12, 212). Make sure you are sampling the
storm less than about 80 nm (120 km) from the
radar.

• Even the most rapid VCP does not have the
needed sampling interval to reliably capture
the short-duration peaks in storm top diver-
gence exhibited by updraft pulses.

• The storm top divergence pattern may not be
symmetric about the updraft summit. Try using
an alternate radar for a better angle. 

• Individual storm top divergence signatures
embedded within large multicells may be
masked.

• Some divergence signatures produce veloci-
ties greater than 123 kts. You will need to
change the velocity increment to 2 kts (1m/s)
to adequately measure divergence in these
cases.

Applications of Storm Top
Divergence

Updraft intensity estimations have been most
closely tied to estimating hail size. Witt and Nelson
(1991) derived a useful correlation between maxi-
mum storm top divergence and probabilities of
maximum hail size (Figure 7-21). As a matter of
caution, this graphic does not take into account the
diversity of environments that you may face when
estimating hail size. For example, no hail was
reported with the cell featured in Figure 7-20
despite the guidance suggesting a nearly 80%
chance of penny size hail. There was a three-body
scatter spike observed by radar which indicates at
least golf ball-size hail formed in the updraft. 
7 - 58    Updraft Location and Strength



Topic 7: Convective Storm Structure and Evolution
Low-level ConvergenceIn addition to storm top divergence, you can
attempt to detect the air converging into an
updraft. During the initial stage of the first surface-
based cell of the day, there may be a weak radial
convergence feature within the lowest two kilome-
ters of the ground as air flows in to feed the
updraft. Maximum radial velocities typically are
very small for the first non-severe cells of the
day.

After cold pools develop, new surface-based
updrafts receive much stronger initial baroclinic
forcing along their edges leading to stronger
updrafts. Colliding cold pools, or cold pool interac-
tions with other boundaries, can generate vertical
velocities exceeding 25 kts (12 m/s) within a few
km above the surface (Figure 7-22). That’s enough
vertical velocity to generate graupel and split elec-
tric charges if the temperatures are cold enough. 

Figure 7-21.  Probability curves, as a function of ΔV, for hail (a)1.9 
cm and greater (pennies), (b) 3.9 cm and greater (ping-
pong ball), (c) 7.5 cm and greater (baseball). Adapted 
from Witt and Nelson (1990).
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An example of colliding gust fronts initiating
strong, but low-shear convection, is shown in Fig-
ure 7-23 from just southeast of Atlanta GA. These
gust fronts resulted in a rapid initiation of a line of
broken ordinary cells, one of which is highlighted
in Figure 7-15B. The gust fronts collision resulted
in approximately a ΔV ~ 20 kts over a 1 km dis-
tance.

Stronger storms tend to produce stronger low-level
convergence as cold pool boundaries tend to be
stronger and deeper. It is not just the magnitude

Figure 7-22.  Vertical cross sections of the ground-relative vector 
velocities. The grey, thick lines are the estimated frontal 
locations, and the dark, thin contours are updraft veloci-
ties in m/s. The circulation centers are marked Ra and 
Rb for fronts A and B respectively. From Mahoney 
(1988).
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of the convergence, but also the depth that is
important to the strength of the updraft, espe-
cially in the lower half of a storm. In the most
severe multicells, the leading edge of the cold pool
may be up to 5 km (15 kft) deep with more than 50
kts of velocity difference, leading to updraft
strengths exceeding 70 kts.

An example of a relatively deep convergence zone
is highlighted in Figure 7-24 along the leading
edge of a severe bow echo. The gust front main-
tained strong convergence through a depth of at
least 10 kft (3 km) with a ΔV ~ 40 kts across a
boundary of 2 km wide (e.g., convergence > 0.01
s-1). This convergence can lead to an updraft
exceeding 30 m/s as low as the top of the gust
front’s vertical interface. 

Figure 7-23.  Gust fronts about to collide near KFFC on 3 July 2012.
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Low-level convergence can only be detected
close to the radar. This restriction is due to that of
the radar horizon and the non-axisymmetric prop-
erties of the convergence.

Inferring Qualitative
Updraft Strength from

Three-dimensional
Storm Structure

Before analyzing specific severe weather threats
(e.g., hail and wind), it is important to take advan-
tage of the volumetric radar data available to ana-
lyze the three-dimensional nature of a storm.
Lemon (1980), derived a methodology for volumet-
ric discrimination between non-severe and severe
convection. The technique focuses on the three-
dimensional distribution of reflectivity through low-,
mid-, and upper-level indicators. Since updraft

Figure 7-24.  A severe squall line from 3 July 2012 at 0135 UTC viewed from the 
WSR-88D at KDLH. The 0.5o reflectivity appears in A) with the corre-
sponding vertical cross section in B). The 0.5o storm-relative velocity 
appears in C) where a motion of 295o at 53 kts was removed. The cor-
responding vertical cross-section appears in D). The approximate loca-
tion of the cold pool boundary is highlighted by the blue curve in the 
vertical cross-sections and in D) representative streamlines show the 
updraft and horizontal flow on either side of the gust front. The storm-
relative low-level inflow is approximately 50 kts.
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strength is an important controlling factor in severe
weather, analyzing the 3-D shape of the reflectivity
core is important. The following conceptual model
is intended to represent convection as it evolves
from non-severe to severe modes in significant
vertical shear environments.

A weak updraft in an environment with some
vertical wind shear slopes downwind and is
typically unable to suspend any precipitation
(Figure 7-25A). Convergence at low-levels and
the corresponding storm top divergence is rela-
tively weak. Severe weather possibilities are rela-
tively low with this kind of structure. An example of
nonsevere convection in a sheared environment in
Figure 7-26A shows the least reflectivity overhang
as the echo top lies mostly on top of the low-level
reflectivity core. What overhang exists is mostly an
artifact caused by the storm motion as the radar
antenna ascended in elevation scans.

As updraft strength increases, it becomes
more erect and is able to suspend a heavy core
of precipitation resulting in the Weak Echo
Region (WER) (Figure 7-25B). In Figure 7-26B,
the reflectivity core shows obvious overhang
above the WER in a direction facing the low-level
storm-relative inflow and where the low-level core
boundary exhibits concavity and a tight gradient.
Unlike isolated ordinary cells where an echo over-
hang is unsustainable, this storm is able to sustain
one even with multicellular behavior because new
updraft initiation occurs quite frequently. The echo
top extends over the low-level reflectivity gradient
next to the WER. The storm is more capable of
producing severe weather. Large hail is quite likely
when much of the echo overhang is above the
freezing level. 
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The most intense updrafts are erect and may
exhibit a BWER (Figure 7-25C). In Figure 7-26C,
the BWER becomes more pronounced as an
upward extension of the WER. The updraft in this
storm is most likely stronger than for Figure 7-26B.
The low-level reflectivity gradient facing the WER
exhibits more curved concavity while the echo top
may extend directly over the low-level WER and
BWER. This reflectivity configuration is associated
with the strongest updrafts, and the most severe
weather reports. 

The base of a severe updraft is typically
located under the WER and BWER and next to
strong reflectivity gradients and inflow
notches. The WER is typically much larger than
the saturated updraft; much of it exists because of
intense reflectivities resident in the overlying anvil
and the intense storm summit. You may use the
low-level velocity to look for areas of strong con-
vergence. The updraft base is most often rooted in
the convergence.

Figure 7-25.  Reflectivity structure of (A) weak updrafts, (B) strong updrafts, and (C) strongly rotating updrafts. 
The small green letters in the top panels represent the endpoints of the cross-sections in the lower 
panels (Adapted from Lemon, 1980).
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The updraft signatures discussed previously may
result in different severe weather types depending
on the storm environment. Here are a few exam-
ples:

Figure 7-26.  Examples of 3-D reflectivity storm structure for (a) a nonsevere thunderstorm on 2007 August 16 
from KCXX, (b), a severe wind and hail producing supercell on 2007 August 16 from KCXX, and 
(c) a tornadic supercell on 2008 May 25 from KDMX. The bottom row represents the perspective 
cross section taken in the path of each storm. The cross section is shown on the 0.5o scan on the 
second from bottom row. The second from the top row shows the mid-levels while the top row of 
images show the storm summit. Note the extensive mid- and upper-level overhang in (B) and (C). 
All images are taken from the Four Dimensional Storm Investigator (FSI).
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• A BWER in a nearly saturated, warm sounding
(e.g., a tropical cyclone) is unlikely to infer the
presence of large hail because the environ-
ment is too warm at the top of the BWER. 

• An environment with a low equilibrium level
supporting mini supercells may indicate to the
forecaster that BWERs may be too small to
detect beyond a close range. 

• Many HP supercells and bow echoes may
show WERs and BWERs ahead of the main
core with respect to the deep layer shear vec-
tor. In other words, these storms have front
flank updrafts.

• Straight or anticyclonically curved hodograph
environments favor left-moving storms with
updraft signatures to the left front flank of the
main core when you face its direction of
motion.

Summary An ordinary cell updraft typically begins in the
boundary layer, but over time it becomes more ele-
vated as an intense core forces a downdraft to
form.The most generic proxy for finding the updraft
is to locate the strongest elevated reflectivity core
where it corresponds to temperatures < -15oC.
The higher the maximum reflectivity of a core, the
more likely it is to be dominated by updraft. As the
cell enters its dissipation stage, the updraft is con-
fined to the anvil layer.

The relative updraft strength can determine the
maximum height achieved by the high reflectivities
forming in the precipitation core. Generally, the
higher they form, the more likely there may pro-
duce severe winds and/or hail.
7 - 66    Summary



Topic 7: Convective Storm Structure and Evolution
Other reflectivity-based signatures come into play
once a storm becomes more persistent. Severe
multicells and supercells exhibit a tendency for the
high level echo core to migrate over the low level
weak echo region in the vicinity of a tight reflectiv-
ity gradient. Sometimes the tight low-level reflec-
tivity gradient becomes concave as low-level
storm-relative inflow increases in response to the
intensifying updraft. The size and extent of the
weak echo region increases with increasing sever-
ity of the updraft. BWERs form in the strongest
updrafts. 

Remember the following rules for locating and
evaluating an intense updraft in a sheared envi-
ronment:

• Echo mass deepens above the freezing level,
especially above the -20oC level

• A strong low-level reflectivity gradient devel-
ops

• A persistent strong echo overhang extends
over the low-level, concave reflectivity gradient
forming a WER

• The storm top moves over the lower level
WER

• A BWER may form in the strongest updrafts as
an upward extension of the WER

• Storm top divergence intensifies

• Low-level convergence intensifies and
becomes deep

• A low- to mid-level mesocyclone forms (not all
of the mesocyclone is updraft)
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Topic 7: Convective Storm Structure and Evolution

Lesson 4:  Updraft Detection Using Dual-Polarization
IntroductionThe Dual-Polarization upgrade to the WSR-88D
network provides us an expanded tool set to moni-
tor the location and intensity of thunderstorm
updrafts. However, as with the reflectivity- and
velocity-based techniques that we’ve learned so
far, we still cannot directly measure the updraft
strength. Instead we are detecting the shape, con-
centration, and size of precipitation and non-mete-
orological scatterers to infer the properties of an
updraft. By using Dual-Polarization, we can
improve on our inference to enhance the accuracy
of updraft detection. This lesson describes these
techniques. 

Objectives• Assess the location and relative strength of
a thunderstorm updraft using Dual-Polar-
ization-based signatures, including the
ZDR column, KDP column, low CC inflow,
and low CC column.

• Identify where and when it may indicate an
updraft for each dual-polarization signa-
ture.

Weakly Sheared 
Ordinary Cells

Capturing updraft signatures in weakly sheared
ordinary cells depends on the timing of the radar’s
volume scans relative to the life cycle stage of the
cell in question. The dual-pol signatures are transi-
tory as the updraft bubble ascends toward its equi-
librium level.

Updraft-dominant PhaseLet’s start with viewing how these signatures
appear as the updraft pulse begins to produce pre-
cipitation. The case that we’ll use is the 3 July
2012 Atlanta pulse severe thunderstorm case
starting at 2133 UTC. This storm is quite typical in
its appearance in the dual-pol products.
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Differential Reflectivity
(ZDR)

As the cell begins to produce precipitation, almost
immediately, most of it is located above the freez-
ing level (Figure 7-27A). Note that the ZDR shows
large values in excess of 2 dB in the bottom por-
tion of the reflectivity envelope that exceeds 40
dBZ. This is where large drops most likely domi-
nate. Especially notable is the upward extension of
likely large liquid drops above the freezing level
(Figure 7-27C). The only way to get liquid drops
above the environmental freezing level is through
updraft. This is the area where we identify a ZDR
column. The vertical cross section shows a peak
altitude of the ZDR column reaching about 18 kft
above the radar (ARL), but the CAPPI (Figure 7-
27D) shows the ZDR column extends up to its
level at 21 kft ARL marked by a small area
exceeding 2 dB. This is the area of strongest
updraft within the broader updraft that is develop-
ing the echo. Note that the 2 dB value selected
here is on the high side of a 1-2 dB threshold to
consider the bounds of a ZDR column.

Specific Differential Phase
(KDP)

Where ZDR stands out with a large column
exceeding 2 dBZ, the KDP remains small with only
a small area exceeding 1o/km near the freezing
level (Figure 7-27E). This is because there is likely
not much integrated water volume in the updraft.
Only widely scattered large drops are lifting above
the freezing level in the updraft. 

Correlation Coefficient
(CC)

The updraft within the ZDR column top exhibits
slightly reduced CC values (Figure 7-27G and Fig-
ure 7-27H) that could be the result of a few ice par-
ticles forming amongst the large liquid drops.
These values remain between 0.9 and 0.95.
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Figure 7-27.  An initiation of a low-shear ordinary cell that produced a severe downburst in southern Atlanta 
on 3 July 2012 at 2133 UTC. This image contains a vertical and the Constant Altitude Plan Posi-
tion Indicator (CAPPI) of reflectivity (A and B respectively), ZDR (C and D), KDP (E and F), and 
CC (G and H). The annotations show the near storm environment 0 and -20o C levels, the axis of 
the vertical cross section in the horizontal cross section maps (white), the 40 dBZ reflectivity 
envelope (white contour), and the ZDR > 2dBZ (green contour).
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Mature Stage of an
Ordinary Cell

Picking the location of an updraft through the
depth of a mature ordinary cell is a bit more chal-
lenging. Now that the downdraft has begun, not all
of the reflectivity core is occupied by downdraft.
Conventionally, we teach that the strong reflectivity
core (> 40 dBZ) above the -20oC level is most
likely occupied by updraft while that below this
level is more than likely downdraft. Now with dual-
pol data, we have the ability to better discriminate
the location of the updraft.

ZDR The onset of reflectivities > 55 dBZ above freezing
level shown in Figure 7-28A is a strong signal that
graupel and hail have formed 10 minutes after initi-
ation (Figure 7-27). The ZDR images in Figure 7-
28C and Figure 7-28D shows the depressed val-
ues < 1 DB that helps support the idea that the
precipitation was dominated by ice. The downward
plunge of the low ZDR precipitation core is quite
likely associated with downdraft. At this time, the
ZDR column has bifurcated somewhat with the pri-
mary updraft likely on the southwest flank of the
precipitation core. The ZDR column there still
reaches up to the 21 kft as the CAPPI in Figure 7-
28D highlights. 

Note that very high ZDR values exist down-radial
from the precipitation core. This is a Three-Body
Scatter Spike (TBSS) and not a ZDR column.
Always suspect high ZDR values down-radial of a
ZDR column when the reflectivity is low.

KDP KDP indicates high concentrations of liquid water
along the path of the radar beam. In Figure 7-28E
the KDP is high (~2-3 o /km) in the axis of low ZDR
values from straddling both sides of the freezing
level. These high values mean there is a large
amount of liquid water amidst the hail and graupel.
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Figure 7-28.  This figure is similar to Figure 7-27 except at 2142 UTC. There are additional annotations 
including the likely region of updraft (orange) and downdraft (blue).
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How did so much liquid water wind up above the
freezing level within what we believe is now down-
draft? Two possibilities exist, the air may be down-
ward moving but the temperature is still warm
compared to the environment to melt hail or at
least force drop shedding off of existing hail
stones. Or perhaps the liquid water hasn’t frozen
from when they formed within the updraft in the
previous 10 minutes. Most likely, the downdraft
has just commenced, and the air is likely still
warmer than the environment. Thus, using the
KDP column can give some clues that liquid water
exists, but there is considerable question as to
whether or not the air is still ascending. Note that
the KDP is much lower closer to the 21 kft level
and provides little information as to the location of
the updraft (Figure 7-28F).

CC The CC is perhaps least associated with updraft.
In Figure 7-28G, the ZDR column indicates some-
what depressed values (CC = 0.95-0.97) extend-
ing above the freezing level, perhaps on two areas
straddling the heavy precipitation core and down-
draft. This may indicate some mixture of rain drop
sizes in these regions. 

Convective
Updrafts in

Sheared
Environments

Instead of a short-lived pulse-like updraft, updrafts
in sheared environments will exhibit a more steady
state behavior. Indeed, there will always be multi-
cellular behavior with updraft pulsing, but now at
any one time in a storm’s lifetime, updraft exists,
either in a new cell or a mature one. You can use
similar methods with dual-pol data to detect
updraft location as with ordinary pulse cells. And
there are some new signatures that appear in the
strongest storms in a sheared environment. Now,
let’s add a dual-pol component to the reflectivity-
based conceptual model of a non-severe, severe,
and supercell thunderstorm in Figure 7-29. 
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ZDR of a Non-severe CellThe ZDR column may appear for a longer duration
than in an ordinary cell, yet the shape of the ZDR
column may change. In an updraft that is weak,
the ZDR column may only extend a few degrees
above the freezing level (Figure 7-29A). It may
also not exhibit any kind of overhang, just like the
the high reflectivity envelope.

ZDR of a Severe CellAs the updraft intensifies, the ZDR column
expands upward and over the WER along the bot-
tom of the strong reflectivity overhang (Figure 7-
29B). The updraft and ZDR column are collocated.

ZDR of a SupercellNow the thunderstorm is strongly rotating and pro-
duces an updraft so strong that even large liquid
rain drops don’t have time to form by the time the
air flows above the freezing level. Instead, what
happens is that large drops reside along the
periphery of the updraft into the sub-freezing air.
This is why the ZDR column may lie on the periph-
ery of the BWER (Figure 7-29C). The strong circu-
lation may actually transport the large rain drops
around the exterior of the updraft resulting in a

Figure 7-29.  The conceptual model of A) non-severe, B) severe, C) strong supercell, thunderstorm in a verti-
cally sheared environment. For each of these, the location of ZDR columns have been overlaid on 
red. Each feature has been labeled 
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ZDR ring. The ZDR ring, like the BWER itself, is
often small and ephemeral meaning that poor
radar sampling may prevent you from detecting
many true events.

ZDR Case Examples An example of how the conceptual model plays
out with real storms appears in Figure 7-30. In the
non-severe storm case (Figure 7-30A), the ZDR
column extends up close to the -10oC level on the
western end of the updraft. At no place is there an
overhang in the ZDR column. The severe storm
case in Figure 7-30B shows a much taller ZDR col-
umn that extends above the -20oC level. The verti-
cal cross-section reveals a substantial ZDR
column overhang along the reflectivity extending
over the low-level inflow and WER. Finally, in the
supercell example in Figure 7-30C, the ZDR col-
umn at -10oC is forced along the sides of the
BWER. There is even indication of a ZDR ring
around the lowest reflectivity portion of the BWER.
This ZDR column extends upward to the -20oC
level and then descends down to the low-levels in
the forward flank reflectivity gradient within the
vertical cross-section.

KDP of a Non-Severe Cell KDP columns do appear somewhat similar to ZDR
columns, but there are differences that reflect the
focus on integrated water content that KDP mea-
sures as opposed to the shape of large rain drops.
In the non-severe storm conceptual model the
KDP column extends up to just above the freezing
level and it occupies more of the heavy precipita-
tion where large volumes of rain and wet hail
descend to the ground (Figure 7-30A).

KDP of a Severe Cell In the severe thunderstorm case the KDP column
extends upward and over the WER but at a slightly
higher height than the ZDR column (Figure 7-
30B).
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Figure 7-30.  Real examples of the updraft severity conceptual model revealed in ZDR. The top two rows rep-
resent CAPPIs where the top row shows the storm top and the second row is at the -10o C level. 
The third row from the top shows the lowest elevation PPI and the bottom row shows vertical 
cross sections whose end points are marked in the PPI display. The non-severe storm is displayed 
in column A), severe storm in B), and the supercell in C).
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In order for high KDP values to show, there needs
to be larger quantities of liquid water. This area is
likely to see that within the updraft, whereas the
ZDR column may only be occupied by a widely
scattered large drops. This overhang of KDP often
connects with the column of KDP extending to
ground within the core of the storm. This cascade
of high KDP falls outside of the main updraft. The
higher extent of the KDP also can reflect the stron-
ger updraft than with updraft in Figure 7-31A.

KDP in a Supercell In the supercell, the KDP column also extends well
above the freezing level. However, the highest val-
ues may lie on the upshear side of the BWER
rather than the downshear location of the ZDR col-
umn. The KDP column extends into the core and
descends to the ground in the heavy precipitation
shield, often further into the core than the region of
high ZDRs. Only in the highest parts of the KDP
column would there be an association with the
updraft. However much of the KDP, even at this
altitude, may be further away from the updraft core
than the ZDR column. Part of the reason why is
that this region may be where the updraft is even

Figure 7-31.  Similar to Figure 7-29 except the ZDR fields have been replaced with KDP. 
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weaker allowing more precipitation to fall out or be
recycled. Yet, at an environmental temperature of -
10oC, the presence of this much liquid water indi-
cates that the updraft is still warming the area.

Sometimes, severe thunderstorms, especially
supercells, may not exhibit much of a KDP col-
umn. This happens when severe storms produce a
small amount of very large hail but not much vol-
ume of liquid or ice. Reflectivities may be high but
KDPs stay low.

KDP Case ExamplesThe same set of storms is now shown in KDP
where the conceptual model is confirmed except
for one case (Figure 7-32). Talking about where it
is confirmed, note that the non-severe thunder-
storm exhibits a substantial KDP column that rises
almost to -10oC. Going to the severe and supercell
thunderstorm cases, the KDP fields become more
diminished aloft. Only down low do the KDP fields
rise. Both of these storms appear to be dominated
by drier hailstones. Nevertheless, at -10oC, there
are regions of high KDP values, especially ups-
hear (west) of the BWER in Figure 7-32B.

CCCorrelation coefficient (CC) is perhaps one sur-
prising tool to identify updrafts. Sometimes, thun-
derstorm updrafts show low values of CC (CC <
0.8) where reflectivity is very low. These low CC
areas manifest themselves as an upward exten-
sion from the low CC clear echoes often found
within a boundary layer occupied by flying insects
or lofted light vegetative debris. Thus, the appear-
ance of the low CC inflow and updraft is very
dependent on the presence of these scatterers. It
is also dependent on at least part of the updraft
being free of any precipitation. Very small amounts
of precipitation rapidly increase the CC and mask
the detection of the non-meteorological scatterers.
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In Figure 7-33, let’s assume that the air is filled
with insects or light vegetation and that the clear
air boundary has a typical CC of less than 0.8. A
non-severe thunderstorm typically sports an
updraft too weak to result in an upward extension
of the low CC air (Figure 7-33A). Most likely, the
weak updraft is unable to produce a precipitation-

Figure 7-32.  Similar to Figure 7-30 except for KDP.
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free WER and the low CC signal is masked. As the
thunderstorm updraft intensifies, the likelihood of a
precipitation-free updraft increases, allowing for
the opportunity for the radar to detect the low CC
echoes from the non-meteorological scatterers
(Figure 7-33B). Strong supercells exhibiting a pro-
nounced BWER present a challenge sometimes in
that within the center of the BWER may show the
weak CC signal from insects and/or debris as you
can see from Figure 7-33C. But at the edges of the
BWER, a low CC ring may appear just above the
freezing level as precipitation encounters the melt-
ing between the environment and the updraft.

CC Case ExamplesFinally, we have the appearance of CC with the
same three storms shown in Figure 7-34. The non-
severe case in Figure 7-34A did not have a low CC
boundary layer owing to extensive light stratiform
precipitation. As a side note, there was a TBSS
confined to the subfreezing air. This was perhaps
due to hail production after an updraft pulse. No
severe hail was reported, however. 

Figure 7-33.  Similar to Figure 7-29 except for ρHV or CC (blue shading).
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In Figure 7-34B there was a low CC boundary
layer with values falling below 0.7 at times. Some
of that low CC air was actually being entrained
upward into the updraft within the WER high
enough to be detected at the -10o C level adjacent
to the precipitation core. In the supercell case in
Figure 7-34C, there is substantially low CC in the

Figure 7-34.  Similar to Figure 7-30 except for CC. 
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low-level inflow, but the radar cannot detect the
non-meteorological scatterers up to the -10o C due
to light precipitation filling in the WER. 

Figure 7-35 shows an example of a supercell with
a prominent low CC updraft where the low values
coincide well with the inflow notch at low levels
extending into the BWER in the subfreezing air.

SummaryFor a low-shear pulse ordinary cell, the dual-pol
updraft signatures appear during the updraft domi-
nant phase of its life cycle. Look for these signa-
tures in your analysis of the dual-polarization
products:

Figure 7-35.  A four panel display of a supercell from KOUN on 24 May 2011 at 2227 UTC 
of an upward extension of low CCs from low altitudes up into the updraft.
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• ZDR values in excess of 1.5 dB extending
from low levels up to above the freezing level.
The ZDR column will appear as soon as the
precipitation core develops and is the best
dual-pol updraft signature.

• A KDP column appears after the ZDR column
as the liquid water content increases in the
updraft above the freezing level. However, by
the time this happens, part of the column may
be occupied by downdraft.

• For both ZDR and KDP, there needs to be a
warm cloud layer to enable liquid precipitation
growth within the updraft.

When all of the dual-pol updraft signatures are
overlaid for persistent updrafts in a vertically
sheared environment (as shown in Figure 7-36),
we make the following key observations:

ZDR

• Look for ZDR columns to extend into higher
altitudes for the stronger updrafts in a given
environment. Some ZDR columns may extend
to -20oC.

• Strongly rotating updrafts may produce a high
ZDR ring surrounding a BWER. 

KDP

• The KDP column neighbors the ZDR column
and will produce highest values where reflec-
tivity is high.

• In supercells, the KDP column is often dis-
placed slightly upshear of the ZDR column
above the freezing level. 

• KDP columns may not appear in some severe
storm updrafts if they produce mostly large dry
hail. 
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CC

• Low CC columns may appear in severe thun-
derstorm updrafts if the following conditions
are met:

•• Presence of low CC non-meteorological
scatterers in the boundary layer (e.g.,
insects and/or light vegetation debris)

•• Relatively weak reflectivities in the updraft.

• A low CC ring may appear in the periphery of
the updraft just above the freezing level as a
result of mixed phase precipitation.
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Topic 7: Convective Storm Structure and Evolution

Lesson 5:  Single Cell Downburst Detection
IntroductionIndividual cell downbursts are notoriously difficult
to detect by radar because we rarely are able to
detect the actual downdraft. However, there are
numerous proxy clues that exist from both the
environment data and WSR-88D signatures. This
lesson describes the nature of downburst forma-
tion, favorable environments, different types of
downbursts, and typical radar-based signatures,
not all of which are pre-cursors to the microburst
impact.

Objectives• Identify the environmental and storm sig-
natures favorable for dry/wet microbursts.

• Identify favorable environmental and radar
signatures of a high wind threat from
supercells.

Microburst 
Definition 

The downdrafts discussed in this section are typi-
cally on the same scale as the individual ordinary
cell updraft. Downbursts and microbursts are out-
flows of an ordinary cell downdraft. A microburst is
defined by Fujita (1985) as a strong downdraft
which induces damaging, divergent winds at the
surface extending 4 km or less in the horizontal. If
the damaging winds spread out to a horizontal
dimension of > 4 km, the wind events is referred to
as a macroburst. 

Whereas updrafts have a relatively definable
source level, downdrafts have an uncertain start-
ing level. In addition, evaporative cooling from pre-
cipitation never completely counteracts the
adiabatic warming in a downdraft. Therefore,
downdrafts almost never follow the moist adiabat.
Updrafts follow the moist adiabat much more often
if they are big enough to prevent entrainment from
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reaching their cores. This makes an assessment
of downdraft strength potential more difficult than
that of updrafts (Wakimoto, 2002). Nevertheless,
there are two main forcing mechanisms that influ-
ence downdraft strength in pulse storms. 

Downdraft Types Based on numerous observations, there is a spec-
trum of pulse storm downdrafts dependent on the
amount of embedded precipitation. At the dry end
of the spectrum, dry microbursts are associ-
ated with less than 0.01” of precipitation reach-
ing the ground. Dry microbursts typically
originate from storms with less than 35 dBZ of
reflectivity. On the other end of the spectrum, wet
microbursts are loaded with heavy precipita-
tion and originate from high reflectivity (> 35
dBZ) storms. There are dynamic differences
between the two ends of the spectrum that require
different techniques to detect or infer their pres-
ence.

Downbursts Driven by
Evaporational Cooling

This process attempts to cool the downdraft to the
wet bulb temperature through evaporation of pre-
cipitation or cloud droplets. The drier the air or the
greater the entrainment, the larger the negative
buoyancy of the downdraft, and therefore, the
greater the likelihood of a severe downburst. Dry
air may help evaporational cooling in two ways: 

• Lateral dry air entrainment: Dry air is drawn
into the sides of a thunderstorm updraft above
the Lifted Condensation Level (LCL) and inter-
acts with the precipitation. The amount of cool-
ing is positively correlated to the equivalent
potential temperature (theta-E) of the dry air. A
lower theta-E in mid-levels corresponds to
greater potential negative buoyancy. Theta-E
differences (> 25-30K or 25-30oC) between
the surface and a mid-level layer some-
where 3-6 km Above Ground Level (AGL)
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containing the level of minimum theta-E,
indicate a significant potential for severe
downdrafts (Atkins and Wakimoto, 1991).
This kind of entrainment is mostly accompa-
nied by convection containing high reflectivi-
ties of greater than 35 dBZ. 

• Sub-cloud evaporational cooling: As precip-
itation begins to cascade into air below the
cloud base, evaporational cooling occurs. The
final downdraft speed depends on the avail-
able precipitation for evaporation and the dis-
tance from cloud to ground. Increasing the
LCL height implies an increasingly dry bound-
ary layer assuming the convection is surface-
based. When LCLs reach over 4 km AGL with
dry adiabatic sub-cloud lapse rates, even
storms with light precipitation can produce
intense downdrafts (Wakimoto, 1985). Sub-
cloud evaporational cooling is typically the
sole forcing mechanisms for low reflectiv-
ity (< 35 dBZ) dry microburst producing
storms (Wakimoto, 1985). 

The Power of 
Sublimation

Melting and evaporation, or sublimation, of fro-
zen precipitation adds even more to the nega-
tive buoyancy of a downdraft than pure
evaporation alone (Wakimoto 1985). Downbursts
often accompany prolific hail producers.

Downbursts Driven by 
Non-hydrostatic Vertical 
Pressure Gradients

While this process may occur in other downbursts,
we will focus on this event in association with
supercells as low-level mesocyclogenesis drives
down pressures within the axis of highest vorticity.
As pressures fall, a downdraft is forced from
above, assisting in developing a Rear Flank
Downdraft (RFD). 

Downbursts Driven by 
Precipitation Loading

As lapse rates decrease, downdrafts have an
increasingly difficult time of maintaining their
descent based on negative buoyancy effects
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alone. Heavy precipitation can force the descent of
a downdraft even if it loses negative buoyancy.
This becomes important once reflectivities
become > 45 dBZ (Srivastava, 1985). Observed
microbursts compared with reflectivity and
lapse rates show that high reflectivities (> 45
dBZ) are needed as the lapse rates drop below
8 K/km (Figure 7-37). Observations indicate that
many downdrafts are associated with the
descending precipitation core of a mature pulse
storm. 

Dry Microbursts Dry microbursts are forced by evaporating pre-
cipitation below the LCL. These events are
most common in the arid or semi-arid regions
where LCLs are at least 3 km AGL (Wakimoto,
1985). Favorable dry microburst environments
often have 500 J/kg of Convective Available
Potential Energy (CAPE) or less with moist mid-
levels above the LCL. Consequently, there is typi-

Figure 7-37.  Observed microburst reflectivity (y-axis) as a function of 
sub-LCL lapse rates (x-axis). This figure is adapted from 
Srivastava (1985).
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cally such a weak convective updraft that precipi-
tation loading and/or lateral entrainment are not
major concerns. 

Dry microbursts are especially favored by situ-
ations where the LCL is below freezing and the
precipitation cascading below the LCL con-
sists of numerous snowflakes maximizing the
total surface area exposed to dry air. 

There are clues in the environmental data that a
dry microburst is imminent. A conceptual example
of a typical dry microburst environment is shown in
Figure 7-38. The sounding is characterized by a
deep, well-mixed boundary layer where the cloud-
base (LCL) height of a lifted surface-based parcel
is at a height above the freezing layer. While mid-
level moisture may suggest convective initiation
with roots in that moist layer, dry microbursts need

Figure 7-38.  A depiction of a typical dry microburst sounding. The 
labels are as follows: 1) a deep, nearly dry adiabatic 
lapse rate from the LCL to the surface, 2) low Relative 
Humidity (RH) below cloud base, 3) a well-mixed mois-
ture profile with some variations, and 4) weak CAPE, typ-
ically < 500 J/kg. Note that the LCL is subfreezing.
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a deep dry adiabatic layer extending to the surface
in order for the downdraft to reach the ground.
Because of the deep layer below the cloud base to
the surface, low shear and light winds are also
required to prevent disruption of the developing
downdraft and downburst through its descent to
the surface. In general, dry microburst-producing
storms are typically surface based.

An example of a typical dry microburst sounding
from Riverton, WY (RIW) is shown in Figure 7-39.
Note the temperature at the LCL was less than
0oC and there’s a deep, dry adiabatic layer from
the LCL to the ground with very little CAPE. The
microburst-producing storm initially had an ele-
vated core structure, as shown in a 4-panel cross-
section in Figure 7-40. Note the development of a
30-35 dBZ core 15-24 kft above the surface. This
core of frozen precipitation eventually descended
and sublimated just below the LCL.

Figure 7-39.  An observed sounding from Riverton, WY (RIW) at 0000 
UTC July 11, 2012 showing dry microburst characteristics.
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The velocity data in Figure 7-41 showed some
weak convergence forming near and just below
cloud base indicating the downdraft had initiated
(beam sampled the storm at ~18 kft MSL). Radial
convergence was weak (25-30 kts) as is typical for
most dry microbursts. Often, the convergence sig-
nature is not visible due to radar sampling limita-
tions or when the converging air is tangential (non-
axisymmetric). The KDP and ZDR products are
also shown in the 4-panel at 2130 UTC for refer-
ence. The ZDR column was apparent extending
down to the surface and simultaneously weaken-
ing slightly prior to microburst impact. KDP
showed larger values in the core indicative of a
some intense rainfall.

Figure 7-40.  A cross-section of Z, V, KDP, and ZDR through a dry microburst-producing 
storm at 2130 UTC on 10 July 2012.
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Note that by 2143 UTC (Figure 7-42), the reflectiv-
ity core had already descended through the melt-
ing layer coincident with divergence at the ground.
Reports of 78 mph winds north of Riverton, WY
were received around 2150 UTC. In the online les-
son, a loop will be included showing the evolution
of this dry microburst event.

Key Points Monitoring the descent of the max reflectivity
core may help to provide some lead time of a
dry microburst. If the microburst contains hail,
you may also be able to detect lowering ZDR
values (approaching 0 dB) during the descent.
Keep in mind that hail will encourage even
stronger microbursts.

Wet Microbursts Wet microbursts are forced mostly by mid-
level entrainment and precipitation loading.

Figure 7-41.  4-Panel of various cross-section products through a dry 
microburst-producing storm taken from the KRIW radar 
at 2143 UTC on 10 July 2012.
7 - 94    Key Points



Topic 7: Convective Storm Structure and Evolution
These events are common anywhere there is
significant CAPE (> 1000 J/kg), steep lapse
rates, or significant mid-level dry air (Figure 7-
44). Taking the difference of theta-E between the
surface and the layer of minimum theta-E in the
mid-levels often reveal values exceeding 25K (25o

C) for days with severe wet microbursts (Atkins
and Wakimoto, 1991). 

A steep lapse rate below the LCL is important to
minimize the inhibition for the downdraft to result in
strong outflow. However, the height of the LCL is
not as important as with dry microbursts.

Figure 7-42.  4-Panel of various cross-section products through a dry microburst-producing 
storm taken from the KRIW radar at 2143 UTC on 10 July 2012.
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AWIPS allows you to subtract the theta-E from two
layers. Figure 7-43 shows an example of a typical
theta-E difference plot from 600 mb to the surface.
This was associated with a wet microburst event in
southwest Missouri. Values exceeding 25K (25o C)
are typically areas that could have a significant risk
for damaging microbursts. In this case, the area
shown in red experienced at least three microburst
wind reports (> 50 kts) and associated damage.

Hybrid Microbursts Hybrid microburst forcing is a combination of
both mid-level and low-level forcing. Environ-
ments that support hybrid microbursts have signifi-
cant CAPE, large theta-E differences from surface
to mid-levels, and high LCLs with adiabatic sub-
cloud lapse rates. In a sense, hybrid microburst
environments represent the middle of the
microburst sounding spectrum. It could be said
that most microburst soundings are hybrids. A
hybrid microburst sounding is characterized by a
deep boundary layer (high LCL), significant CAPE
(>500 J/kg), and a mid-level dry layer.

Figure 7-43.  Theta-E difference between 600 mb and the surface 
from the RUC model 00-HR analysis for a downburst 
event in southwest Missouri on 2001, June 28.
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Example of a Wet/Hybrid 
Microburst Event

The next example from 3 July 2012 in northern
Georgia shows many of the classic characteristics
of a wet microburst (downburst) detection. This
event will be highlighted in the online lesson. The
proximity sounding from KFFC (Atlanta, GA) is
shown in Figure 7-44. The sounding is from the
RAP model at 1800 UTC (00-HR forecast). Sur-
face-based CAPE (SBCAPE) was around 2500
J/kg, and the LCL was approximately 1500 m
AGL. There was very little CIN and the 0-3 km
lapse rate was 8.7 C/km. There was some mid-
level dry air and weak shear at all levels. The
mean wind from the LCL to EL was 348 deg @ 6
kts. This was a typical environment for pulse
storms with wet microburst potential.

Figure 7-44.  A wet microburst sounding from 1800 UTC 3 July 2012 at Atlanta, 
GA (KFFC) showing dry mid-level air and steep lapse rates close to 
the ground. Freezing level (FGZ) and LCL are labeled. 
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A surface plot at 2011 UTC (Figure 7-45) shows a
large area of temperatures in the mid-90s and dew
point temperatures in the mid-60s to around 70oF
in portions of central and northern Georgia. There
was very weak surface convergence but with mod-
erate instability increasing throughout the after-
noon of 3 July 2012, forcing was accentuated by
numerous outflow boundaries generated by thun-
derstorms across northern Georgia (Figure 7-46).

By 2105 UTC (Figure 7-47), there was increasing
thunderstorm development along and behind the
outflow boundaries, especially to the east of the
KFFC radar. A series of FSI cross-sections of Z, V,
ZDR, and KDP at 2142 UTC through an intense
storm northeast of the radar show some of the
signs of an impending microburst. In Figure 7-48,
you can see a large core of high reflectivity (> 60
dBZ) from 13-26 kft beginning to descend. In Fig-
ure 7-49, there is some mid-level radial conver-

Figure 7-45.  .Surface map from 2011 UTC on 3 July 2012 (courtesy 
of Al Pietrycha).
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gence indicating air flowing into the top of the
downdraft. In Figure 7-50, there is a core of values
of ZDR near zero indicating some hail in the down-
draft column. In Figure 7-51, you can see high val-
ues of KDP in the downdraft core, indicating a high
concentration of liquid water and potential hail
accompanied the microburst.

It is speculated that the large increase of KDP val-
ues prior to microburst may be due to the addition
of hail meltwater to the rain already falling within
the downdraft. We will show more of this case evo-
lution in the online lesson.

Storm Signatures of Wet 
and Hybrid Microbursts

Downdrafts are initiated when an elevated reflec-
tivity core provides enough precipitation loading to
overcome the initial updraft. After initiation, the dry
air entrainment helps to maintain or strengthen the

Figure 7-46.  KFFC 0.5 deg. Z at 2042 UTC on 3 July 2012 showing 
initial development of pulse thunderstorms all around the 
radar.
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downdraft. The descent of a strong precipitation
core is a precursor of a downdraft. Although the
vertical cross-section shown in Figure 7-48 is only
a snapshot, the subsequent trends (Figure 7-52)
indicated the core descended in conjunction with
the pulse storm’s downdraft and microburst impact
at 2156 UTC. The bottom edge of a descending
reflectivity core is a likely location for the
downdraft base.

As the downdraft commences, mid-level radial
convergence also develops as air flows into
the downdraft source (see example in Figure 7-
49). The convergence often peaks when the
downdraft is about to reach the ground. Therefore,
this feature gives very little lead time. In addition, a
convergence signature is often difficult to detect
due to viewing angle from the radar to the storm.
Note that if you want to see the conver-

Figure 7-47.  KFFC 0.5 deg. Z at 2105 UTC on 3 July 2012 showing 
development of a strong outflow boundary converging to 
the north and east of the radar
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gence/divergence signature of a downdraft event,
you’ll need to choose a down radial cross-section.
But once the divergence is detected near the sur-
face, the damaging downburst event is probably
underway.

Some ordinary cells collapse as the downdraft
commences. This can be reflected in time trends
of the height of maximum reflectivity, and to a
lesser extent, with VIL. A simultaneous decrease
in cell-based VIL and Zmax is a strong signal
for a downburst. Another signal may be a
simultaneous decrease in ZDR if hail is occur-
ring in the microburst (Scharfenberg, 2002)
Note that not all microbursts will have hail and
not all weakening storms end in a downburst. 

Since you must wait till the end of a volume scan
for these time trends, there is often little lead time

Figure 7-48.  FSI reflectivity cross-section through an impending wet 
microburst from KFFC at 2142 UTC on 3 July 2012. 
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before the downburst commences at ground. In
addition, the lack of any signals of storm col-
lapse does not indicate a lack of a downburst.
More often than not, the downburst phase of a
storm coincides with the maximum vertical extent
of the precipitation core, which then corresponds
to the peak in cell-based VIL and POSH. The Zmax
may not need to collapse either. Therefore, do
not depend on a storm collapse signature as a
signal for a downburst event.

Downbursts from Rear
Flank Downdrafts (RFDs)

A unique downdraft forcing mechanism in super-
cells is the RFD. While we still do not know with
certainty the origins of the RFD, some believe
that they are forced from evaporational cooling
and possibly precipitation loading on the right-
rear flank of a supercell. Low-level mesocyclo-
genesis adds a downward directed dynamic

Figure 7-49.  FSI velocity cross-section through an impending wet 
microburst from KFFC at 2142 UTC on 3 July 2012. 
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pressure gradient force to an RFD that can
overwhelm all other downdraft forcing mecha-
nisms. In fact, others believe that a downward
directed pressure gradient force is the casual
force behind the RFD.

The high wind threat from an RFD is maximized
when:

• Low-level mesocyclogenesis occurs. Watch
for the development of a strong mesocyclone
in the lowest slices. A descending mesocy-
clone core is a strong precursor to a severe
RFD.

• Heavy precipitation (>50 dBZ) within the
hook can favor a severe RFD through pre-
cipitation loading and evaporational cool-
ing.

Figure 7-50.  Same as in Figure 7-49 except for ZDR.
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• A deep convergence zone (DCZ) exists on
the backside of the mesocyclone. Look for
strong convergence with velocity differences
over a few nm along the radial > 50 kts,
extending up to 15 kft or more.

• The same environmental parameters favor-
ing hybrid or wet microbursts help to
encourage a severe RFD. However, they are
not necessary if a strong low-level mesocy-
clone develops.

The example storms shown in Figure 7-53 from
the evening of April 30, 2012, in northern OK dis-
play most of the above characteristics. With the
storm closest to the radar, note a fat reflectivity
hook at the 0.5o slice with huge inflow notch, very
high elevated Z core with a large 70 dBZ core at
6.4o slice (~ 19 kft MSL), elongated convergence
zone with 70-80 kts of velocity difference extend-

Figure 7-51.  Same as in Figure 7-49 except for KDP.
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ing to 21 kft. The ZDR products (lowest two pan-
els) with a SW-NE oriented line of values > 1 dB
on the 6.4o slice indicates the updraft column
extending above -20oC, thus likely containing hail.

The most damaging RFD winds likely occur with
HP supercells, just to the right of the primary
mesocyclone track. In our case from northern OK,
damaging winds and tornadoes occurred with two
distinct mesocyclones. Note that quite often, the
divergence signature of the low-level RFD is not
detected at all. Sometimes, the trailing gust front
created by the RFD can be detected; however, this
is not the RFD itself.

Figure 7-52.  Reflectivity cross-section from KFFC at 2156 UTC on 3 
July 2012 taken as the microburst impacted the surface. At 
this time, damaging winds downed power lines in Fulton 
County and in Dekalb County at 2158 UTC.
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Summary This lesson describes the mechanisms involved in
downburst production, evaporational cooling, sub-
limation, and precipitation loading. We discussed
the main microburst types including dry, wet, and
hybrids. Dry microbursts have minimal CAPE, very
deep dry adiabatic boundary layers, and some-
times the LCL is subfreezing. Weak boundary
layer winds and shear also accompany dry
microbursts. Wet microbursts feature substantial
CAPE, low cloud bases, and a mid-level dry layer.
Hybrid microbursts feature deep dry adiabatic sub-
cloud layers, but substantial CAPE.

We also discussed some typical precursor signa-
tures for a severe microburst that may occur in
these steps:

• Intense, elevated reflectivity core forms

• Bottom edge of intense reflectivity core
descends

• Near zero values of ZDR accompany the high
reflectivity core in low levels

• High values of KDP descend in the downdraft
core (for wet microbursts mainly)

• Onset of mid-altitude radial velocity conver-
gence may occur (not always visible by radar)

• Downburst strikes while the mid-altitude radial
convergence increases and the reflectivity
core reaches the ground

Our final topic was that of Rear Flank Downdrafts
(RFDs) where the main wind hazard is related to
the strength of the low-level mesocyclone. RFDs
are assisted by all downburst forcings including
mid-level dry air, sub-cloud dry air, large CAPE,
and low-level non hydrostatic pressure deficits.
However, severe RFDs can develop from non-
hydrostatic pressure deficits alone.
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Figure 7-53.  A 6-panel radar composite at 0.5 deg. and 6.4 deg. (19 kft) of Z, SRM, and ZDR from KVNX 
at 0304 UTC 1 May 2012 of a HP supercell storm with a RFD forced downburst. Note the 
deep convergence zone (labeled DCZ) at the 6.4 deg. tilt. 
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Topic 7: Convective Storm Structure and Evolution

Lesson 6:  Severe Hail Detection
IntroductionSevere hail is a high impact hazard that can pro-
duce > $1 billion in damage from a single event.
This lesson introduces you to severe hail detection
using the WSR-88D. A thorough understanding of
WSR-88D hail signatures, in the context of the
environment, will help improve your warning skill. 

Objectives• Identify the common signatures in radar
and the environment that can be used to
infer the presence of severe hail.

Hail Size 
Descriptions

The National Weather Service (NWS) criteria for
severe hail is one-inch (quarter-size) diameter,
which is based on research which indicates this is
the threshold at which significant damage occurs.

Hail Diameter Size Description

1/4” Pea

1/2” Plain M&M 

3/4” Penny

7/8” Nickel

1" (severe criteria) Quarter

1 1/4” Half Dollar 

1 1/2” Walnut/Ping Pong Ball 

1 3/4” Golf Ball 

2" Hen Egg/Lime 

2 1/2” Tennis Ball 

2 3/4” Baseball

3" Teacup/Large Apple 

4" Grapefruit

4 1/2” Softball

4 3/4”- 5" Computer CD-DVD 
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Hail Climatology Hail is most common across the Great Plains, but
can occur anywhere given the proper ingredients.
Kansas-Oklahoma is the peak region for 3/4-inch
hail days (Figure 7-54) while southwest Okla-
homa-north Texas is the peak region for significant
(> 2-inch) hail days (Figure 7-55).

 Hailstone Formation and
Growth

Hailstone formation requires an embryo (ice crys-
tal, graupel, rain drop, etc.) to accumulate ice as it
traverses the supercooled water region within a
cumulonimbus updraft. A hailstone’s size is

Figure 7-54.  Mean number of 3/4-inch hail days per year within 25 
miles of a point (1990-2009). Courtesy Harold Brooks, 
National Severe Storms Laboratory.

Figure 7-55.  Mean number of significant (> 2-inch) hail days per 
year within 25 miles of a point (1980-1994). Courtesy 
Harold Brooks, National Severe Storms Laboratory.
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dependent on its residence time within the pre-
ferred hail growth zone of supercooled water
between -10o to -30oC. Strong, wide, persistent
updrafts are most favorable. The growth rate is
maximized near -13oC and rapidly diminishes at
temperatures approaching -30oC as supercooled
water droplets become rare at these colder tem-
peratures. Growth continues until the hailstone’s
mass becomes large enough to overcome the
attendant updraft.

Severe Hail Radar 
Signatures

WSR-88D data can be used to detect the exis-
tence of severe (> 1-inch) hail. It can often be
directly detected via dual-polarization output
and/or the Three-Body Scatter Spike (TBSS) sig-
nature. Other times, the radar is used to indirectly
infer the presence of hail via proxy signatures like
high reflectivity, a Weak Echo Region (WER), a
Bounded Weak Echo Region (BWER), a mesocy-
clone, and strong storm-top divergence.

Reflectivity-based 
Severe Hail Signatures

Severe hail requires a strong updraft which can
suspend growing hailstones within the favored hail
growth zone (-10oC to -30oC) for an extended
period of time. The first radar echo from an ordi-
nary thunderstorm in mid-latitudes usually occurs
near the freezing level. The first indication of an
abnormally intense updraft capable of producing
severe hail is a higher and stronger elevated
reflectivity core. 

Reflectivities > 60 dBZ in 
Environmental 
Temperatures < -20oC

Reflectivities > 60 dBZ in environmental tem-
peratures < -20oC indicate severe hail (English
1973 and Lemon 1998) (Figure 7-56). Increase
the reflectivities in the sub -20oC air and the
odds of significant hail increase dramatically.
Therefore, it is important to know which height cor-
responds to the -20oC level (Witt et al. 1998) and
the degree of your radar height uncertainty.
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Reflectivities > 60 dBZ in
the Lowest Elevation Slice

Reflectivities of 60 dBZ in the lowest elevation
slice strongly suggest the presence of hail
(Witt, 1996). However, the same reflectivity could
be the result of large concentrations of non-severe
hail or fewer, but severe-sized, hail. Therefore, be
sure to investigate other severe hail signatures
before issuing a warning. Also, beware that gigan-
tic, very dry hail in low quantities have been
observed with reflectivities between 35 and 50
dBZ. When this occurs, the hail is usually falling in
the strong reflectivity gradient immediately adja-
cent to an inflow notch and updraft with a supercell
storm.

Weak Echo Region (WER)
and Bounded Weak Echo

Region (BWER)

Studies have shown that the high reflectivity region
above the top of the Weak Echo Region (WER)
and Bounded Weak Echo Region (BWER) is an
area where rapid wet hail growth is occurring in
the core of an intense updraft. The existence of a

Figure 7-56.  Schematic of reflectivity cores of ordinary cells to 
diagnose hail threat. Cores should extend well above 
the -20oC level. The left storm’s hail core located closer 
to the radar will need to be examined with different ele-
vation angles but will be at a higher resolution
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WER/BWER suggests that these hailstones are
subject to a massive influx of supercooled cloud
water and growth, especially if in the favored hail
growth zone (-10oC to -30oC). A wide, persistent
WER/BWER helps to maximize a hailstone’s resi-
dence time in the favored hail growth zone before
it cascades into the core. A high percentage of
significant (> 2-inch diameter) hail events are
associated with BWERs. Remember that a bona
fide WER/BWER must be topped by intense
reflectivities in order for it to be associated with
updraft.

Velocity-based 
Signatures

In addition to reflectivity-based signatures, severe
hail can be inferred from velocity signatures as
well.

MesocycloneA strong, persistent mesocyclone, the defining
characteristic of a supercell, is a strong indicator of
severe hail. Dynamic pressure drops, especially in
a strong mid-level mesocyclone, accelerate the
updraft in the hail growth zone. Larger diameter
mesocyclones are more favorable for severe
hail, because they provide a larger hail growth
zone which also increases residence times and
hail growth potential. Mesocyclone strength is
especially important to the growth of very large
hail as per Blair et. al, 2011. A very high per-
centage of significant (> 2-inch) and virtually
all giant (> 4-inch) hail events are produced by
supercells.

Storm-top DivergenceStorm-top divergence can be used to assess
large hail potential. Check for scans that cut
through the storm summit only, and examine the
maximum inbound and outbound velocities. The
presence of strongly divergent flow at storm top
(|Vout| + |Vin| > 75 kts) does indicates a strong
updraft capable of producing at least marginally
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severe hail. A table relating maximum storm top
divergence velocity difference to hail size is shown
in the table below. Beware that the storm-top
divergence signature is shallow and the true
maximum velocity difference may be located
between radar elevation slices.

An example of this storm-top divergence tech-
nique can be seen in Figure 7-57. First, use the
elevation slice to sample the overshoot. Sum the
absolute magnitude of the minimum and maximum
velocity found on either side of the overshooting
top and you’ll get a representative sample of storm
top velocity difference, in this case > 160 kts. If you
cannot sample the overshooting top as shown in
Figure 7-57, then the technique may fail. There are
other factors that may cause this technique to fail
(e.g., poor data quality, mini-supercells, etc), so
use with caution.

Dual-Polarization-based
Signatures

Hail varies greatly in size, from as little as a quar-
ter of an inch up to 8 inches in diameter. Unlike
rain, the shape of hail is not necessarily related to
its size. Hail can be irregularly shaped, with some
hailstones having large protuberances, and in
some cases be elliptical with one particular dimen-
sion much larger than the other (Figure 7-58). Hail
also has the tendency to tumble, so it tends to
appear effectively spherical to the radar. These
characteristics are different from pure liquid drops,
giving hail a unique signature in dual-pol data.

Velocity Difference (kts) Maximum Hail Size 

110-135 Golf Ball

136-175 Tennis Ball

176-225 Baseball

>225 Softball
7 - 114    Severe Hail Radar Signatures



Topic 7: Convective Storm Structure and Evolution
Figure 7-57.  Reflectivity (left) and velocity (right) of the top of a supercell near Greensburg, KS on 5 May 
2007 at 0250 UTC. 

Figure 7-58.  4-inch diameter (“Grapefruit-sized”) hailstone in 
Moore, Oklahoma on 10 May 2010. 
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Let’s first discuss the hail detection capability of
each dual-pol product (ZDR, CC, KDP) individually
and then show how these products can be used in
combination with reflectivity (Z) to detect specific
types of hail event.

Differential Reflectivity
(ZDR)

Differential Reflectivity (ZDR) will usually be
fairly low, between -0.5 dB and 1.5 dB, due to
the tumbling motion of the hail as it falls. A
reduction in ZDR to near 0 dB coincident with
high reflectivity is a guarantee detection of hail
(Figure 7-59). ZDR can be quite variable though,
and in cases where the hail is melting or mixed
with rain there may be very little reduction in ZDR.

Correlation Coefficient
(CC)

Correlation Coefficient (CC) tends to be the
most consistent indicator of hail near the sur-
face. In cases when hail is mixed with rain and
there is not a clear signal in ZDR, CC will be
locally lower in the regions containing hail. Values
of CC in hail are usually below 0.95 and can be as
low as about 0.70. For hail larger than roughly golf
balls (> 1.75-inches), CC is normally less than
0.85 (Figure 7-59).

It is important to note that the CC values down
range from the hail region in Figure 7-59 are char-
acterized by radial streaks of depressed CC val-
ues. This is known as non-uniform beam filling
(NUBF) and is one of the limitations of CC. It
occurs when at least some of the radar pulse vol-
umes are characterized by significant gradients of
PhiDP across these pulse volumes. When this
occurs, these down-range CC (and other dual-pol
base data) values are “contaminated,” or compro-
mised. This means that the CC values and all
other dual-pol values along the affected radials
cannot be trusted or used.
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Specific Differential Phase 
(KDP)

Specific Differential Phase (KDP) can vary sub-
stantially in hail, depending upon how much liquid
water is present with the hail. In dry hail without
much rain, KDP is near 0. For melting hail, KDP
will be greater than about 1.5 deg/km. This
assumes that KDP is computed in areas contain-
ing hail, which is not the case when CC is < 0.90
(black range gates within circle in Figure 7-59).

Severe Hail (Mostly Hail; 
Little Rain)

Many research papers refer to the “classic, severe
hail signature.” Severe hail, by definition, has a
diameter of at least 1 inch (although some
research papers were written when severe hail
was defined as 0.75 inches or greater). Reflectivity
values for severe hail are usually larger than pure
rain events (Z > 55 dBZ). Since hail often tumbles
as it falls, hailstones appear nearly spherical to the
radar (ZDR typically < 1 dB). Likewise, KDP val-
ues are lower than pure rain (KDP typically < 1

Figure 7-59.  Example of hail as seen by dual-pol radar.
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deg/km). Finally, a wide variety of hail shapes and
sizes result in CC tending toward the 0.95-0.97
range (Figure 7-60).

To summarize, severe hail (with little rain) has
the following dual-pol characteristics:

• Z > 55 dBZ

• ZDR < 1 dB

• CC ~ 0.95-0.97

Severe Hail Mixed with
Rain

When rain is mixed with the “classic, severe hail
signature,” the dual-pol variables behave a little
differently. Reflectivity values will still be very high
(Z > 55 dBZ) because of the size dependence of
Z. ZDR values will be more positive (ZDR ~ 1-2
dB) as the diverse drop-size distribution of oblate
rain and spherical hail both contribute significant
power returns. Likewise, CC will be slightly lower

Figure 7-60.  Example of a “severe hail (mostly hail, little rain)” sig-
nature as observed by dual-polarization radar.
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than the “classic, severe hail signature” (CC ~
0.93-0.96) because there is now both liquid and
ice present along with varying sizes of hail. KDP
will increase (KDP > 0.5 deg/km) because it’s not
dependent upon drop size like Z and ZDR. KDP
only depends upon drop shape and number con-
centration. As a result, tumbling hail doesn’t con-
tribute significantly to KDP, but oblate rain drops
will. The heavier (and more concentrated) the rain,
the higher the KDP values will be (Figure 7-61).

To summarize, severe hail mixed with rain has
the following dual-pol characteristics:

• Z > 55 dBZ

• ZDR ~ 1-2 dB

• CC ~ 0.93-0.96

• KDP > 0.5 deg/km (higher in heavier rain)

Figure 7-61.  Example of a “classic hail mixed with rain” signature 
as observed by dual-polarization radar.
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Sub-severe, Dry Hail Sub-severe (< 1-inch), dry hail also has some
unique characteristics. Reflectivity will still be high,
but not as high as other hail cores (Z ~ 45-55
dBZ). Small hail will tend to be smooth on the sur-
face and appear spherical on radar (ZDR ~ 0 dB).
CC should be near uniform (CC > 0.98; can be
confused with rain) since the hail stones are simi-
lar in shape and size and little liquid water is pres-
ent. Likewise, KDP will be low (KDP ~ 0 deg/km)
(Figure 7-62).

To summarize, sub-severe, dry hail has the fol-
lowing dual-pol characteristics:

• Z ~ 45-55 dBZ

• ZDR ~ 0 dB

• CC > 0.98

• KDP ~ 0 deg/km

Figure 7-62.  Example of a “sub-severe, dry hail” signature as 
observed by dual-polarization radar.
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Sub-severe, Melting HailDual-polarization has the ability to detect hail that
has significantly melted, to the point that it’s not
likely to be severe. This signature is important
because hail signatures can be found in just about
any convective storm near and just above the
freezing level. Therefore, observing a hail signa-
ture doesn’t mean the hail will reach the ground.
So let’s discuss how hail melts and what it should
look like on dual-pol products. A melting hailstone
goes through six stages (Figure 7-63).

Figure 7-63.  Diagram of how melting hail works and how it appears on dual-pol radar. Blue stippled means 
ice core completely enveloped by water. 
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Stage 1: Begin with a solid ice sphere (D=0.75”)
falling outside of the updraft below the 0oC level.
Melting begins on the surface of the hailstone. 

Stage 2: As the surface melts, the meltwater is
advected into a torus (blue band around the equa-
tor of the hailstone) due to drag as it falls. Continu-
ous shedding of small drops (~1 mm) occurs from
the torus of water. Shed drops fall much slower.
Hail diameter now 0.70.”

Stage 3: Hail continues to melt and the torus
moves upstream as the size of the ice particle
decreases. Intermittent shedding of large drops
(~3 mm) occurs from the unstable torus. Hail diam-
eter now 0.60.”

Stage 4: The torus loses its distinction, and a
water cap forms around the top (lee side) of the ice
core. Intermittent shedding of a few large drops
(~3 mm). Ice core is now 0.40” diameter.

Stage 5: Meltwater forms a stable raindrop shape
around the ice core. There is no drop shedding
any longer. Horizontal axis diameter of ice and
water coating ~0.2” to 0.4” (~5-9 mm).

Stage 6: Eccentric melting of ice core occurs until
ice is completely melted. All that is left is a large,
cold rain drop ~0.12” to 0.20” (3-5 mm) in diame-
ter.

Now that you have seen how smaller hail melts,
let’s discuss how it appears to dual-pol radar. As
you have seen, when sub-severe hail melts, it
develops a water torus on the surface around its
center. This water torus tends to stabilize it fall ori-
entation, making it look like a giant rain drop to the
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radar. As a result, reflectivity values tend to remain
high (Z > 55 dBZ). Likewise, ZDR increases (ZDR
> 2 dB; possibly as high as 6 dB). CC decreases to
around 0.92-0.96 due to the mixture of ice and liq-
uid.

KDP is very revealing in this case. KDP in small,
melting hail can become extremely large (KDP up
to 10 deg/km!). Why is that? When there is a high
concentration of these “giant raindrops” (i.e., sub-
severe, melting hailstones with a water torus),
then KDP values can become extremely large. In
pure rain situations, KDP values will rarely go
above 4-5 deg/km. When KDP is larger than those
values, you can confidently assume that there is
some smaller melting hail present (Figure 7-64).

Figure 7-64.  Example of a “sub-severe, melting hail” signature as 
observed by dual-polarization radar.
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To summarize, sub-severe, melting hail has the
following dual-pol characteristics:

• Z > 55 dBZ

• ZDR > 2 dB

• CC ~ 0.92-0.96

• KDP > 4-5 deg/km; up to 10 deg/km

Significant (> 2-inch) Hail When significant (> 2-inch) hail is present, the sig-
nature in the dual-pol products can be very pro-
nounced. When hail gets to be larger than golf
balls, Mie scattering effects begin to alter the way
the dual-pol variables appear, and this signature is
unique. Reflectivity will remain high (Z > 55 dBZ)
except for rare cases when only a few, large hail-
stones fall in the Z gradient near the updraft/down-
draft interface region (Z as low as 35-40 dBZ).
ZDR will still be near zero or even be mostly nega-
tive (ZDR ~ 0 dB or lower).

CC is the most revealing product in this case. Mie
scattering in significant-size hail will cause CC val-
ues to drop significantly lower (CC < 0.9; possibly
as low as 0.7!). Dropouts in the KDP data will
appear since gates where CC < 0.9 are not
included in the product. Therefore, if you see high
Z (or moderate Z near a supercell updraft) and CC
< 0.9, you can confidently say significant hail is
present (Figure 7-65).

Remember to always keep the dual-pol products
in context with reflectivity. Significant hail nearly
always falls near the updraft/downdraft interface
region, along the strong reflectivity gradient.

To summarize, significant (> 2-inch) hail has
the following dual-pol characteristics:

• Z > 55 dBZ (rare cases as low as 35-40 dBZ)
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• ZDR ~ 0 dB or lower

• CC < 0.9; possibly as low as 0.7

• KDP not displayed

Three-Body Scatter 
Spike (TBSS)

A Three-Body Scatter Spike (TBSS) (also known
as a “hail spike”) is a 10-30 km (5-16 nm) long, low
reflectivity (< 25 dBZ), echo “spike” aligned radially
downrange from a high reflectivity (usually > 63
dBZ) core. The presence of a TBSS with reflec-
tivities greater than 5 dBZ on a S-band (10 cm)
radar is a direct indication that the thunder-
storm possesses golf ball or larger (> 1.75-
inch) hail. Thus, a storm which meets this criteria
on the WSR-88D should trigger the issuance of a
severe thunderstorm warning if one has not
already been issued.

Figure 7-65.  Example of a “significant (> 2-inch) hail” signature as 
observed by dual-polarization radar.
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The TBSS is strictly an artifact of the electromag-
netic radar beam being subject to “Mie scattering”
instead of the usual “Rayleigh scattering” process.
A TBSS forms as incident energy from the radar is
reflected off the hail, down to the ground, then
back up to the hail and back to the radar. Because
of the delay in reception of the pulses, the radar
circuitry displays the TBSS as downrange from the
hail core (Figure 7-66) Because of this, the TBSS
signature produces low reflectivities (Z < 25
dBZ), low radial velocities (V), and high spec-
trum widths (SW) (Figure 7-67).

TBSSs are readily apparent in dual-pol products
(Figure 7-67), particularly when there is precipita-
tion down-radial of the hail core. In ZDR, the
TBSS appears as an area of extremely positive
values just down-radial of the hail core, transi-

Figure 7-66.  Schematic of three-body scatter spike (TBSS).
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tioning into lower positive or even negative
values farther down-radial. In CC, the TBSS
shows up very clearly as a spike of extremely
low values, (less than 0.5) on the down-range
side of a hail core. CC is especially useful in
cases when the TBSS in reflectivity is small or hid-
den by surrounding strong or weak precipitation
echoes. The spike is not seen in KDP because of
the 0.90 CC threshold discussed in several other
course lessons.

Taking a look at cross sections of the same storm
(Figure 7-68) the TBSS is seen down-radial of the
high reflectivity (Z) core. High spectrum widths
(SW) and low radial velocities (V) exist down-
radial from the hail core. In ZDR, the area of high,
positive values located immediately behind the hail
core is usually somewhat wedge-shaped, while
farther down-radial, there is a transition to nega-
tive values of ZDR. In CC, the TBSS is marked by
very low values. The spike is not seen in KDP
because of the 0.90 CC threshold. The strength
and length of the TBSS is related to the intensity
and vertical extent of the reflectivity core. There-
fore, a TBSS should be easier to detect with a
more intense and elevated reflectivity core. Also,
the larger the highly reflective core area, the more
extensive the TBSS. 

Be aware of the limitations of using the TBSS. This
signature is an artifact of Mie scattering and must
not be construed as hail actually reaching the sur-
face beneath the echo spike itself. The TBSS sig-
nature can only be applied on S-band (10 cm)
radars, such as the WSR-88D. On C-band (5 cm)
radars, the TBSS can be related to large raindrops
rather than hail. A TBSS with reflectivities less
than 5 dBZ on a S-band radar may be associated
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Figure 7-67.  Example of a three-body scatter spike (TBSS) on the 2.4o elevation slice north of Fort Sumner, 
NM on 12 June 2012 at 0056 UTC.

Figure 7-68.  Example of a three-body scatter spike (TBSS) as seen in various cross-sections, north of Fort 
Sumner, NM on 12 June 2012 at 0056 UTC.
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with non-severe hail. The TBSS is a reliable indi-
cator of golf ball and larger (> 1.75-inch) hail.
However, it can be missed if not looking at the
right product and/or elevation slice.

Example of Hail Detection 
Using Panel Combo 
Rotate (PCR) All-Tilts

The Advanced Weather Interactive Processing
System (AWIPS) Panel Combo Rotate (PCR) All-
Tilts is an efficient tool to examine a storm for hail.
Start closest to the surface because that’s where
we have information about the threat closest to the
ground where the impacts are felt, or dented for
that matter. But before using dual-pol products,
start with what you know, reflectivity, and get an
idea about storm structure and height of the 55
dBZ and 60 dBZ levels, and toggle back and forth
to SRM to get a feel for any rotation and conver-
gent signatures, both of which help point to a hail
threat. Remember, strong deep shear helps to
increase updraft strength, which is a precursor to
hail growth. Try to use environmental sampling, in
particular using temperature readout.

Once done with that, go to the 0.5 degree slice
(Figure 7-69) and toggle between Z and CC to find
out where there is precip vs. non-precip. Where
there is precip, find the highest reflectivity areas
and look for CC less than 0.95 for hail. Then toggle
to ZDR and look for local minima. If ZDR is low
enough, less than 1.5 dB, you can say that hail is
the dominant signal and that is the case here. 

Finally, toggle to KDP to see if any rain is mixed in
with the hail. Values greater than 0.5 deg/km indi-
cate a good amount of liquid coincident with the
hail. Keep in mind that radar resolution volumes
where CC values drop below 0.90 are also areas
where KDP values are not calculated. Thus, we
see a number of those areas void of KDP values.
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Next, look at the freezing level (0oC), which is near
2.4 degrees in this example (Figure 7-70). High
reflectivity is still present, and since you already
know this has height continuity with the hail core at
the 0.5 degree scan, you can toggle straight to
ZDR to see what has changed at this height. Since
this is right at the environmental melting layer,
ZDR has dropped outside of the hail core to just
over 0 dB, making it difficult to see the locally sup-
pressed values of ZDR caused by the hail. Some
slightly lower CC is still present, marking the loca-
tion of the hail core. Looking at KDP, the eastern
part of the hail core does contain fairly high
amounts of liquid water.

Figure 7-69.  Example of hail detection using Panel-Combo Rotate 
(PCR), 0.5o elevation slice.
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Finally, look at the -20oC level, which is near 4.0
degrees in Figure 7-71. There is still high reflectiv-
ity marking the location of the hail core, but ZDR is
still low everywhere. CC has now become high
everywhere due to the lack of mixed-phase hydro-
meteors at this elevation. KDP is pretty noisy and
not greater than about 0.75 in the hail core. Hail
detection far aloft where no significant liquid is
present becomes difficult because it looks the
same as graupel to a dual-pol radar. This is true
for hail of any size unless you have a rare case of
dry giant hail really high in a storm, which would
reduce CC because of Mie scattering effects.

Example of a Hail Shaft as 
Seen in the Four-
Dimensional Storm 
Investigator (FSI) Tool

The AWIPS Four-Dimensional Storm Investigator
(FSI) tool can be used for hail detection with dual-
pol products. In the FSI cross section in Figure 7-
72, there are actually two hail shafts, marked by

Figure 7-70.  Example of hail detection using Panel-Combo Rotate 
(PCR), 2.4o elevation slice.
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the white circles. As expected, both hail shafts
have high reflectivity, although the one on the left,
associated with a newer updraft, is deeper with
higher values.

Taking a look at ZDR, both hail shafts are associ-
ated with fairly low positive to slightly negative val-
ues just above the melting layer, with the lower
values extending higher aloft for the (younger) hail
shaft on the left. Note also the depression in the
transition to higher, positive values in each hail
shaft. The signal in CC is not as easy to pick out
as in the reflectivity or ZDR in this case, but notice
the values of CC are generally low in both hail
shafts. KDP is generally very high in both hail
shafts reflecting increased liquid water content
associated with melting hail and/or a rain/hail mix-
ture.

Detection of Giant (> 4-
inch diameter) Hail

Blair et al., (2011) examined several radar signa-
tures to assess their utility in discriminating storms
most favorable for giant (> 4-inch diameter) hail. It
was found that virtually all giant hail-producing
storms were supercells with well-organized
structure. They were characterized by median
values of rotational velocities of 47 kts (24 m s-1),
storm-top divergence magnitudes of 140 kt (72 m
s-1), and 50-dBZ and 60-dBZ echo heights of
43,000 ft. (13,100 m) and 34,800 ft. (10,600 m)
respectively.

Vertically integrated liquid water (VIL)-based
products, maximum reflectivity within the
storm, and reflectivity within the preferred hail-
growth zone showed little to no skill in discrim-
inating between giant and small hail sizes.
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Figure 7-71.  Example of hail detection using Panel-Combo Rotate 
(PCR), 4.0o elevation slice.

Figure 7-72.  Example of using Four-Dimensional Storm Investigator 
(FSI) to detect two hail shafts. 
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Factors Which Suggest
Lower Severe Hail

Potential

Factors which suggest a cell has a lower potential
for severe hail include:

• Cells in a deeply-moist tropical environ-
ments with weak lapse rates in the mid-lev-
els within the hail growth zone (-10o C to -30o

C).

• A shallow cell with a weak reflectivity core
above the -20oC level.

Factors Which Influence
Multicell Severe Hail

Potential

Houze et al. (1990) documented severe weather
locations for various mesoscale precipitation sys-
tems and found that tornado and hail reports were
biased toward the early stages of multicell system
development. They were most frequently associ-
ated with 1) cells located along the southern
end of squall lines and 2) isolated strong cells
ahead of the squall lines. This contrasts with
high wind reports which are sometimes reported
with isolated cells but are more numerous along
well-developed convective lines. As multicell sys-
tems intensify, the effects of the cold pool and
resulting increasing rear-to-front flow in the system
tend to force an upright updraft along the leading
edge. Any significant hail fall will likely occur in this
region, not in the downdraft region or wake of the
multicell system, which becomes dominated by
cooler, saturated air. 

Significant hail can occasionally form with
quasi-stationary strong cells in a multicell
complex, such as cells which form in the vicin-
ity of a surface boundary where strong low-
level convergence is focused near the updraft
region of the complex. 

Summary A hailstone’s size is dependent on its residence
time within the preferred hail growth zone of super-
cooled water between -10oC to -30oC. Strong,
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wide, persistent updrafts are most favorable. A
very high percentage of significant (> 2-inch) and
virtually all giant (> 4-inch) hail events are pro-
duced by supercells.

WSR-88D data can be used to detect the exis-
tence of severe hail. Sometimes it can be directly
detected via a TBSS signature and/or dual-polar-
ization output. Other times, it must be inferred indi-
rectly using proxy signatures including: High
reflectivities aloft; a Weak Echo Region (WER), a
Bounded Weak Echo Region (BWER), a mesocy-
clone, and strong storm-top divergence. 

Hail detection is more robust with the inclusion of
dual-pol data rather than using Z alone. Plus,
TBSSs show up much easier, even with precipita-
tion down-radial of the hail core. However, dual-
polarization does not provide an explicit hail size
estimation, and it’s sometimes impossible to tell if
the hail is reaching the ground.

Factors which suggest a cell has a lower potential
for severe hail include cells in deeply moist envi-
ronments with weak lapse rates in the mid-levels
within the hail growth zone (-10oC to -30oC) and a
shallow cell with a weak reflectivity core above the
-20oC level.

Hail reports with multicell systems are biased
toward the early stages of development and are
most frequently associated with cells located along
the southern end of squall lines and isolated
strong cells ahead of the squall lines.
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Topic 7: Convective Storm Structure and Evolution

Lesson 7:  Supercell Dynamics and Motion
IntroductionAs deep, moist convection (DMC) experiences
moderate to strong shear, fundamental changes
occur to the cell which allows it to strengthen and
survive for a longer time. Cells develop significant
vertical vorticity resulting in mesocyclones and a
disproportionately large amount of severe
weather. The term supercell has been coined by
Browning (1964) to describe this type of cell.
Therefore it is important for you to understand the
nature of supercells, how to anticipate them, and
how to identify them once they exist. 

This lesson describes the dynamical changes that
occur to cells when they experience significant
vertical shear, the reasons why supercells are
more severe than ordinary cells, how supercells
move, and what signatures you should look for in
supercells.

Objectives• Identify the typical environment, storm
structure, and evolution of supercells.

• Identify the effects of shear on storm prop-
agation.

• Identify the technique to anticipate the
motion of supercells.

Performance objectives for this lesson are:

• Demonstrate ways to evaluate the typical envi-
ronment, storm structure, and evolution of
supercells.

• Demonstrate ways to evaluate the effects of
shear on storm propagation.

• Demonstrate ways to evaluate the technique
to anticipate the motion of supercells.
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Storm Evolution in
Significant Vertical Shear

As updrafts encounter an increasingly sheared
environment (e.g., 0-6 km shear > 17 m/s), they
become enhanced by:

• Increased updraft/downdraft separation

• Precipitation removal from updraft

• Lower boundary-relative storm motion

• Stronger storm-relative, low-level inflow

• Increased nonhydrostatic, upward-directed
pressure forcing due to updraft vorticity

• Increased nonhydrostatic, upward-directed
pressure forcing due to shear interacting
with the updraft boundary. 

Updrafts last longer as precipitation loading is
weaker, and a helical updraft helps to weaken tur-
bulent dry air entrainment. If an updraft begins to
persist for longer than an individual air parcel
takes to traverse it, is well correlated with signifi-
cant vorticity, and has other features (e.g., for-
ward-flank downdraft, rear-flank downdraft, etc.),
the storm containing this updraft is then called a
supercell. Sometimes, the effects of nonhydro-
static pressure forcing on updraft strength can
exceed that of buoyancy.

Definitions of Updraft
Rotation and Vorticity

Before we proceed, there are some definitions of
vortices, updraft rotation and updraft vorticity that
you should know so as to avoid any misconcep-
tions.

When we discuss the term ‘vortex’, we refer to a
local concentration of vortex lines. The vortex may
or may not be rotational. In other words, a vortex
could be a locally intense region of shear vorticity.
Likewise a vortex could result from a concentration
of vortex lines emanating from curvature vorticity
or rotation. The term rotating updraft is a vortex
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with curvature vorticity. However, air parcels within
a “rotating updraft” may not complete a closed cir-
cuit as observations have shown. Supercell
updraft air trajectories, especially near the updraft
summit, often show anticyclonic curvature even
though the vertical vorticity is positive. Thus, this
updraft is not rotating as would a turntable rotate.

Supercell Evolution, the 
Origins of Updraft 
Vorticity and Deviant 
Motion

The origins of updraft vorticity and storm motion
deviant to the steering layer wind can both be
explained by how the updraft is influenced by verti-
cal wind shear. There can either be unidirectional
or directional vertical shear in supercell environ-
ments. Fundamental origins of updraft vorticity and
propagation are shared by both straight and
curved sheared environments. However, there are
important differences in the origins of updraft vor-
ticity and propagation between unidirectional and
directional vertical shear. These differences will be
covered in this section.

The Origins of Updraft 
Vorticity in a Straight 
Hodograph

We can visualize vertical shear as a continuous
series of vortex lines oriented horizontally. A good
analogy is a sheet of rolling logs. As an updraft
grows into a sheared environment, horizontal
vorticity tilting acts to create two vertical vorti-
ces (Figure 7-73). 

The strength of these vortices depends on the
strength of the shear and the intensity of the
updraft. Facing toward the direction of the shear,
from left to right in Figure 7-74, on the right (left)
side of the updraft lies a cyclonic (anticyclonic)
vortex. Initially in Figure 7-74, the vortices lie along
the periphery of the updraft, and thus contain no
updraft within them. In other words, the updraft
and vorticity are not correlated.
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Dynamically Driven Low
Pressure in Each Vortex

Both counter-rotating vortices create a dynamic
low. The stronger the vortex, the lower the pres-
sure in its center. We are talking about relatively
“low” pressure deficits that may amount to 0.5-10
hPa. Since tilting of the originally horizontal
vorticity is most pronounced where the updraft
is strongest (at midlevels), the vertical vortices
are most intense there. With the dynamic pres-
sure at its lowest aloft, an enhanced upward-
directed pressure gradient force promotes the
development of new updraft within their centers of
rotation. The effect is a widening of the updraft and
increasing correlation between updraft and vortic-
ity on both flanks. Updraft strength is also aug-
mented through this process.

Deviant Supercell
Motions in Straight

Shear

The greatest tilting of horizontal vorticity occurs
right and left of the shear vector. This means that
the development of rotation and new updrafts
also occur to the right and left of the shear vec-
tor. Precipitation developing in the middle of the

Figure 7-73.  A schematic of an updraft tilting vortex lines in westerly 
shear. Adapted from COMET (1996).
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widening updraft acts to develop a downdraft
which, in turn, helps to split the widening updraft
into two parts (Figure 7-75). The cyclonically
(anticyclonically) rotating member moves to
the right (left) of the shear vector. Since both the
cyclonic and anticyclonic updrafts experience simi-
lar upward dynamic pressure forcing, they create
equally strong supercells in a straight hodograph
environment.

Once the supercell is deviating off the hodograph,
it experiences streamwise vorticity, and storm-rela-
tive helicity in its inflow layer. Tilting of the stream-
wise vorticity into the updraft immediately
produces vertical vorticity well correlated with
updraft, or “helicity.”

The Origins of Rotation 
in Directionally Varying 
Shear

The processes that develop rotation in the unidi-
rectional hodograph, also apply to curved hodo-
graphs. However, a curved hodograph implies that
streamwise vorticity and helicity are available for
the updraft to directly ingest upon its initial growth.
Instead of the rolling log analogy to describe the

Figure 7-74.  A schematic of dynamically driven low pressure forming 
on either side of an updraft. From COMET (1996).
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vorticity in the environment, here the analogy is
the thrown spinning football. This analogy repre-
sents the available streamwise vorticity that
merely needs to be tilted into the vertical by the
updraft in order for rotation and updraft to be well
correlated. Therefore, the evolution from ordinary
cell to supercell is much quicker than in an envi-
ronment characterized by a more unidirectional
shear profile.

Deviant Motion in
Directionally Varying

Shear

While the same processes that promote deviant
motion in unidirectional hodographs will work in
curved hodographs, the interaction of the chang-
ing shear vector with height will result in additional
nonhydrostatic vertical pressure gradient forcing
that promotes growth on only one flank of an
updraft. This additional process is related to the
same processes that force an updraft to tilt in the
presence of vertical shear. On the upshear side of
an updraft, high dynamic pressure forms as a
result of partial flow blockage, while low pressure

Figure 7-75.  A schematic of updraft building into the dynamic 
midlevel pressure minima resulting in deviant motion.
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forms on the other side (Figure 7-76) forcing the
updraft to tilt. While this illustration deals with uni-
direction shear, we will next discuss how direc-
tional shear extends this concept to explain the
origin updraft deviant motion and preference for
the cyclonic member of a supercell to intensify.

When the shear direction changes with height
(Figure 7-77), so do the locations of the dynamic
pressure maxima and minima. We know that a
dynamic high (low) forms on the up- (down-)
shear side of an updraft. In the example shown
in Figure 7-77 and Figure 7-78, the relative high is
on the south side of the updraft at low levels (Fig-
ure 7-78). At higher levels, the shear vector point-
ing south would produce a relative low on the
south side of the updraft. The result is an upward-
directed pressure gradient force that causes new
updraft development and, therefore, storm propa-
gation to the right of its original motion.

Meanwhile, the left side of the updraft would expe-
rience a downward directed dynamic pressure gra-
dient force, weakening, or even destroying, the
updraft at that location. The side of the updraft

Figure 7-76.  A schematic of updraft tilting through differential 
dynamic pressure induced by unidirectional shear. 
Adapted from COMET (1996).
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containing the anticyclonic member of the rota-
tional couplet is therefore destroyed. This is why a
left-moving storm, given the hodograph in Figure
7-77, would be suppressed.

Plotting Supercell Motion To plot the location of the right- and left-moving
members of the supercell pair on a hodograph,
draw a line perpendicular to the 0-6 km shear vec-
tor that passes through the 0-6 km mean wind.
The right- (left-) moving member will be located on
the line 3-8 m/s to the right (left) of the wind shear
vector along your line. The COMET module, A
Convective Storm Matrix, contains more examples
of estimating deviant storm motion from unidirec-
tional hodographs.

Figure 7-77.  A schematic 180° curved hodograph resulting in the dynamic pressure structure on 
the periphery of the updraft (blue shape) at low levels where the shear is directed to 
the top (red vector in the bottom hodograph), and at high levels where the shear is 
directed to the bottom.
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Two Methods of 
Estimating Supercell 
Motion

There are two methods for estimating supercell
motion. The “Legacy Supercell Method” and the
Internal Dynamics (ID) Method, which is the pre-
ferred technique, are presented next.

The Supercell Motion 
Method

In the past, forecasters often based supercell
motion on the 30R75 (Maddox, 1976) or 20R85
(Davies and Johns, 1993) rules.   The 30R75 rule
estimates the cyclonically rotating supercell
motion by adding 30° to the right of the 0-6 km
steering layer flow direction and 75% of the
speed. The 20R85 rule was an adjustment for
those supercells embedded in very strong flow.
Unfortunately, these estimations are non-physi-
cally based and only apply in the Northern Hemi-
sphere with the typical counterclockwise turning
hodographs.

Figure 7-78.  A schematic storm structure resulting from the hodograph shown on the 
left. The labels, L and H, represent dynamic perturbation pressure minima 
and maxima respectively. The green arrows represent vertical motions forced 
by the vertical perturbation pressure gradients. Adapted from COMET (1996). 
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The Internal Dynamics
(ID) Method

Bunkers et al. (2000) developed a better method
called the ID method (Internal Dynamics), which
uses the mechanisms by which updraft and shear
interact to cause deviant motion. This method
can be used to calculate storm motion for both
the cyclonically and anticyclonically rotating
supercells resulting from a storm split. The ID
method is Galilean invariant allowing for its use in
atypical hodographs (i.e., westerly shear with
northerly mean winds).

To estimate supercell motion using the ID method,
the following steps work well:

1. Plot the 0-6 km non-pressure-weighted mean
wind. An example in Figure 7-79 shows the
mean wind as a red dot.

2. Draw the shear vector from the mean wind in
the lowest 0.5 km to the mean wind from 5.5-6
km (Figure 7-80).

3. Draw a line orthogonal to the shear while pass-
ing through the mean wind (Figure 7-81). Note
that the shear vector can be placed anywhere
on the hodograph as long as it retains the same
direction and magnitude.

Figure 7-79.  A sample hodograph with the 0-6 km mean wind plotted 
as a red dot. Each ring represents 10 m/s.
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4. The right- (left-) moving supercell is drawn 7.5
m/s to the right (left) of the shear vector where
shear vector intersects the shear-orthogonal
line at the 0-6 km mean wind. Note that the
storm motion remains on the shear-orthogonal
line (Figure 7-82).

Figure 7-80.  Same as Figure 7-79 except the 0-6 km shear vector is 
added as a green arrow.

Figure 7-81.  Same as Figure 7-80, except with the addition of the 
shear-normal line passing through the 0-6 km mean wind 
(red dot). 
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Here are three examples you may try to estimate
for yourself. Follow the same steps that have been
outlined above. Figure 7-83 and Figure 7-84 repre-
sent two hypothetical cases. Figure 7-85 repre-
sents an actual case.

Figure 7-82.  Same as Figure 7-81, except with the right (R) and left 
(L) moving supercells added.

Figure 7-83.  An example hodograph where the black dot represents 
the 0-6 km mean steering layer winds. The axis are 
labeled in m/s..
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Magnitude of Deviant 
Motion and Other Issues

Although the ID method is physically-based, there
still exists uncertain knowledge on what the devi-
ant motion vector should be. Currently, the 7.5 m/s
value is chosen as the most representative value
for a large population of observed supercells. Until
more is known about how to modulate the deviant
motion vector in a physically-based way, there will

Figure 7-84.  Same as Figure 7-83 but for a different case.

Figure 7-85.  Same as Figure 7-83 except the “M” represents the 0-6 
km mean wind.
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be differences between observed and predicted
supercell motions. It is known that supercells may
propagate via mechanisms beyond that described
by the ID method, including:

• Storm propagation along the axis of preferen-
tial ascending air (e.g., boundaries)

• Vertical pressure gradient force on the updraft
boundary in strongly curved hodographs

• Storm mergers and interactions

• Orographic lifting

Additional differences may result due to errors in
our analysis of vertical wind profiles. The ID
method should be used as a starting point and
then other factors should be considered.

Summary Strengthening vertical wind shear to > 17 m/s
allows for storm longevity and severity to continue
to increase because:

• Updraft and downdraft coexist symbiotically
and separation between updraft and downdraft
increases.

• Gust front-relative updraft motion decreases.

• Storm-relative, low-level inflow increases.

• Updraft rotation becomes significant.

Persistent updraft vorticity is one of the criteria
defining a supercell. Typically the shear in the low-
est 6km of a cell needs to be > 15-20 m/s in order
for there to be a significant chance of supercells. 

Supercell propagation is a result of:

• Linear shear processes

•• Dynamic low forming on the right (left) sides
of an updraft relative to the shear vector
promoting right (left) propagation vector
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• Curved shear processes

•• Dynamic low (high) pressure forms on the
up- (down-) shear sides of an updraft. 

•• Changing shear vector creates an upward-
directed, non-hydrostatic pressure gradient
force and new updraft right of the original
updraft with respect to the mean shear vec-
tor.

Supercell motion should be estimated using the
Internal Dynamics (ID) method. Supercell motion
is approximately 7.5 m/s right and left of the shear
vector along a line that passes through the point
describing the mean convective steering layer
flow.
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Lesson 8:  Supercell Morphology: Radar Reflectivity 
Characteristics
IntroductionThe persistence and strength of a supercell thun-
derstorm updraft yields a distinctive appearance to
its precipitation distribution. This lesson describes
the common radar-based reflectivity characteris-
tics associated with supercells.

Objectives• Identify radar reflectivity characteristics of
supercells.

Reflectivity 
Characteristics of a 
Supercell

Lemon (1980) identified radar reflectivity charac-
teristics associated with supercells (Figure 7-86)
and include the following:

• A strong reflectivity gradient bounding a con-
cavity or “inflow notch”

• Reflectivity maximum displaced closer to the
enhanced low-level reflectivity gradient

• Sloping echo overhang and Weak Echo
Region (WER)

• Sloping echo overhang with Bounded Weak
Echo Region (BWER)

• Echo top over the low-level reflectivity gradient
or over the reflectivity core of the overhang
and WER

• Hook echo

Each feature will be discussed in detail throughout
this lesson.

Inflow Notches and 
Reflectivity Maxima

An inflow notch is an enhanced, low-level, con-
cave reflectivity gradient open to the low-level
inflow side of the cell (Figure 7-86). This signature
indicates the presence of a very strong updraft
with associated enhanced low-level inflow. The
example shown in (Figure 7-87) shows a pro-
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nounced inflow notch. If the storm is close to the
radar, a surface trailing gust front may be seen
wrapping into the region of the notch. Inflow
notches are the most common feature of super-
cells and are associated with strong low-level
inflow.

The reflectivity maximum becomes displaced
closer to the enhanced low-level reflectivity
gradient. The location of the reflectivity maximum

Figure 7-86.  A conceptual model of the reflectivity structure of a 
supercell in the horizontal plane (top) and vertical plane 
(bottom). The letters A and B denote the endpoints of the 
vertical cross section. The blue tinted region represents 
the precipitation-generated cold pool. Modified from 
Lemon (1980).
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helps magnify the low-level gradient. Inflow
notches and enhanced reflectivity gradients are
the features most resistant to radar range degra-
dation.

Weak Echo Region 
(WER)

A Weak Echo Region (WER) (Figure 7-87) is a
region of weak reflectivity on the low-altitude inflow
side of a thunderstorm topped by stronger reflec-
tivity in the form of a sloping echo overhang
directly above. The WER is produced by strong
updraft and associated strong storm-summit diver-
gence that carries large amounts of precipitation
particles in all directions. This creates a high
reflectivity echo-canopy (slopping echo overhang)
over the low-level inflow of a strong or intense con-
vective storm.

The slopping nature of the overhang is created
when precipitation begins to fall from the far edges
of the overhang (visually, the edge of the thick
anvil) and descends through the storm relative
environmental winds, finally reaching the ground in
the strong low-level reflectivity echo. A WER is a
common feature of severe storms in vertically
sheared environments, not just with supercells.
Note that the key ingredient that distinguishes
storms is the strongly sheared environment.

Therefore, features such as the WER are not
found with storms in a weakly sheared environ-
ment, such as a pulse storm. Care must be taken
to ensure that a WER is on the updraft and inflow
flank of the storm. A bona fide WER should be per-
sistent (~ 10 minutes) and capped by high reflec-
tivities (> 45 dBZ) with the base of the slopping
overhang beginning as high as the -20oC to -30oC
environmental temperature. False WERs not
capped by strong reflectivity imply a weak updraft,
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such as with an overspreading anvil layer. In addi-
tion, the WER should be found above the low-level
inflow notch and strong reflectivity gradient.

Because a radar’s volume coverage pattern (VCP)
samples a storm from bottom to top, beware of a
spurious WER oriented in the direction of storm
motion generated by the vertical distortion of a
fast-moving storm. For example, a storm moving
at a speed of 60 kts can have its upper-level scans
displaced up to 5 miles in the direction of storm
motion.

Figure 7-87.  A Base Reflectivity FSI example of the Cherokee, OK supercell of 15 April 2012 at 0046 UTC 
sampled from KVNX. Clockwise from top left: 0.5o tilt, CAPPI at 20,100 feet AGL, 3D visualization, 
and vertical cross section.
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Bounded Weak Echo 
Region (BWER)

A Bounded Weak Echo Region (BWER) (also
known as a “vault”) (Figure 7-88) is a conically-
shaped, nearly vertical channel of weak radar
echo, encompassed and capped by strong echo.
The cap is composed of large concentrations of
supercooled liquid water and rapidly growing hail.
The BWER is the core of an intense updraft that
carries newly formed hydrometeors to high levels
before they can grow to radar-detectable sizes.
BWERs are typically found imbedded in the slop-
ping echo overhang and aloft above the apex of
the low-level inflow notch. They are typically found
3-10 km (10-33 kft.) AGL and are a few kilometers
(1-4 nm) in horizontal diameter. However, on rare
occasions, they have been observed up to 5-6 nm
wide and extending to storm summit. BWERs are
small features rarely detected beyond 80 nm due
to radar resolution limitations. The presence of a
BWER is almost always associated with very large
hail and is associated with a supercell. Note that
the BWER is not associated with updraft rotation.

The echo top, which is associated with a nearly
vertically erect updraft standing in the midst of a
strongly sheared environment, is displaced above
the low-level reflectivity gradient, above the BWER
cap, or above the high reflectivity core imbedded
within the WER.

Hook EchoA “hook echo” (Figure 7-87) is a pendant, or
curve-shaped, band of echo that is often the rear
portion of the low-level inflow echo notch. It typi-
cally extends downward as a precipitation
streamer from the echo overhang aloft. It is often a
portion of the echo bounding the BWER on the
rear. It may also be precipitation carried downward
rapidly by the RFD or associated with the storm
mesocyclone. Sometimes, when scanned by
nearby radar, is seen to spiral inward forming a
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sharply defined figure “6.” A tornado, if present, is
within the figure “6” or at the tip of the hook echo
itself.

Beware of Relying on
Just One Signature or

Volume Scan

Beware of relying on any one reflectivity signature
or volume scan in isolation when trying to identify
a supercell. All weather radars have spatial and
temporal limitations which can hinder your analy-
sis of storm structure. Radar resolution may be
insufficient to resolve smaller features at longer
ranges, such as BWERs or even hook echoes.
The radar beam may overshoot lower-level fea-
tures such as some hook echoes and WERs. Fea-
tures may occur between volume scans. Plus, this
lesson doesn’t discuss deviant motion from the
mean wind which is perhaps the most easily identi-

Figure 7-88.  Example of a BWER observed with a supercell 35 nm to the west-southwest of 
the radar. BWERs are typically found at midlevels of convective storms, 3-10 km 
(10,000 - 33,000 feet) AGL. They are rarely detected beyond 80 nm due to radar 
resolution limitations.
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fiable and reliable supercell characteristic. Finally,
beware of the “collapse phase” of some supercells
when all of these distinctive features disappear
and the storm produces a tornado!

SummaryRadar reflectivity characteristics of supercell thun-
derstorms include:

• A strong reflectivity gradient bounding a con-
cavity or “inflow notch”

• Reflectivity maximum displaced closer to the
enhanced low-level reflectivity gradient

• Sloping echo overhang and Weak Echo
Region (WER)

• Sloping echo overhang with Bounded Weak
Echo Region (BWER)

• Echo top over the low-level reflectivity gradient
or over the reflectivity core of the overhang
and WER

• Hook echo

Beware of the “collapse phase” of some supercells
when all of these distinctive features disappear
and the storm produces a tornado. Remember that
some of the echo features will be missing or
obscured because of radar range and sampling
limitations. Beware using any one of these reflec-
tivity signatures in isolation or viewing only one
volume scan when trying to identify a supercell.
These signatures may not be seen due to resolu-
tion problems and/or the radar beam overshooting
feature(s). Also, the cyclic nature of supercells can
rapidly change the appearance and/or existence of
the features from volume scan to volume scan.
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Lesson 9:  Supercell Morphology: Velocity Structure
IntroductionIn many cases, a warning forecaster may have dif-
ficulty in distinguishing an ordinary from a super-
cell based solely on the reflectivity pattern. This is
one of the major reasons that we have the WSR-
88D network; to identify velocity patterns that will
compliment reflectivity in the critical role of identi-
fying a supercell. This lesson describes the struc-
ture and morphology of supercell velocity
signatures and focus on aspects of the mesocy-
clone structure.

Objectives• Identify the criteria for determining the
presence of a mesocyclone

A localized region of vertical vorticity partially, or
fully embedded, within an updraft of deep moist
convection (DMC) is termed a mesocyclone and is
one of the defining characteristics of a supercell.
By definition, a mesocyclone is a small-scale
vertical vorticity maximum closely associated
with the updraft and downdraft of a convective
storm that meets or exceeds established crite-
ria for shear, vertical extent, and persistence.
Each of these criteria will be discussed.

Basic Mesocyclone 
Structure

Mesocyclone velocity structure is similar to that of
a Rankine Combined Vortex (Figure 7-89). The
core of the mesocyclone rotates as a solid body
with the tangential velocity proportional to radius.
Beyond this core, the velocity decreases exponen-
tially with increasing radius from the mesocyclone
center. Since only the radial velocity component is
detectable from radar, only the radial components
of the velocity can be detected. Therefore, the
mesocyclone appears as a range adjacent couplet
of inbound/outbound velocities (Figure 7-90).
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Mesocyclone
Recognition Criteria

To establish the validity of a mesocyclone, we use
a set of criteria for shear persistence and vertical
depth. A circulation feature is labeled a mesocy-
clone when:

• The core diameter (distance between the
maximum inbound and outbound veloci-
ties) is < 5 nm.

• The rotational velocity (Vr = |Vmin| +|Vmax|) /
2) equals or exceeds minimal mesocyclone
strength. Vmin (Vmax) is the minimum (maxi-
mum) radial velocity in the circulation. An
example is in Figure 7-91.

• The feature persists for at least 10 minutes.

Note that these criteria may be rigid in the MDA
but as a human operator, be aware that some
mesocyclones occur that fail to satisfy all the crite-
ria as listed above.

The inputs into calculating Vr should represent
the maximum and minimum velocities. Make
sure the velocities are realistic.

Figure 7-89.  A schematic of a mesocyclone showing the velocity 
profile as a Combined Rankine Vortex.
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Vr shear is calculated by dividing Vr by the distance
between Vmin and Vmax. It can easily be calculated
in AWIPS using the Vr shear tool. Values are on
the order of 10-2 s-1 for mesocyclones. However,
Vr shear can change by orders of magnitude just
by changing the baseline distance without any
actual increase in mesocyclone intensity. There-
fore, Vr shear should be calculated with great
caution and consistency through successive
volume scans. Be aware of that you will need to
adapt your baseline as the actual mesocyclone
diameter changes. Estimating mesocyclone
strength from Vr alone is just as valid as that from
Vr shear.

Figure 7-90.  Example of a mesocyclone from KLBB radar at 2241 UTC 12 June 2005. 
This mesocyclone was associated with a tornado and the storm also con-
tained softball size hail.
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Note that estimating mesocyclone strength is more
representative when assessing Vr from multiple
levels rather than one alone.

A mesocyclone need not have in- and outbound
velocities. The velocity difference, rotational veloc-
ity and shear across a mesocyclone are identical
no matter the motion of the reference frame. Using
the example in Figure 7-92, a forecaster may sam-
ple different velocity maxima and minima between
the velocity and the SRM product for the mesocy-
clone moving toward the radar to the northeast.
However, the Vr is identical.

Establishing a minimal rotational velocity threshold
requires knowledge of the distance of the feature,
and the size of the supercell. As radar sampling
resolution degrades either by distance or by
circulation size, the warning forecaster must
reduce the minimal rotational velocity that dis-
criminates mesocyclones from weaker circula-
tions. 

Figure 7-91.  A sample calculation of Vr from this mesocyclone at 
13.8 kft AGL in northern Nebraska in an 8-bit SRM 
image from KUEX. The maximum inbound was deter-
mined from cursor readout, but not shown in this image.
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The vertical criteria are required because of
the number of shallow circulations uncorre-
lated with deeper vertical velocity features.
Deep, vertically correlated circulations are most
likely associated with updrafts and downdrafts
because of vertical vortex stretching and advection
of vorticity.

From the latest findings of Trapp et al., 2005, only
3% of all (at least rank 1) mesocyclones are asso-
ciated with tornadoes. Up to 15% of rank 5 or
higher mid-altitude mesocyclones are tornadic.
However, 40% of all rank 5 or greater mesocy-
clones with bases less than 1000 m were tor-
nadic. The majority of mesocyclones are
associated with some type of severe weather.
Note that these results used the MDA output for up
to 5300 mesocyclones from around the CONUS.
Significant tornadoes may follow the development
of a strong mesocyclone by 20 to 30 minutes.
However, for about 50% of all tornado events,
the mesocyclone provides no lead time to tor-
nadogenesis.

Figure 7-92.  A mesocyclone sampled from KICT on 15 April 2012 at 0046 UTC in (A) velocity and 
(B) storm-relative velocity. A storm motion of 230o 36 kts has been subtracted in (B). 
The individual Vmax and Vmin may be different in (A) and (B) but the Vr is identical.
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Mesocyclone Life Cycle Mesocyclones typically undergo a life span where
there is an organizing stage, mature stage and dis-
sipating stage.

Organizing Mesocyclone The typical organizing mesocyclone begins at
the level of maximum tilting or in the mid-levels of
an updraft. The mesocyclone then begins to build
downward and upward. The mid-level mesocy-
clone is dominated mostly by updraft. If the radar
is close enough to the circulation, a conver-
gent signature may be detected in association
with the mesocyclone in the lowest slices.

Mature Mesocyclone An idealized mature mesocyclone has signifi-
cant low-level convergence (panel ‘G’ in Figure
7-93), nearly pure rotation at mid-levels (panels
‘C’ and ‘E’ Figure 7-93), divergent rotation at
upper-levels (panel ‘A’ in Figure 7-93). The
example in Figure 93 shows a little more complex-
ity than the ideal model. This is because the vortic-
ity from the occluding low-level mesocyclone has
been advected upward by the updraft within the
larger mid-level mesocyclone producing an interior
couplet of peak velocities. 

The lower half of a mature mesocyclone is occu-
pied by the rear flank downdraft, usually on its trail-
ing side. The rear flank downdraft can be marked
by the presence of strong localized convergence
between the inbound to outbound velocities (Fig-
ure 7-94). Do not confuse the gust front with the
RFD itself. The RFD is often associated with the
hook, or pendant echo, and is a divergent outflow
that creates the gust front. But this RFD diver-
gence is often difficult to identify in contrast to its
associated gust front. Additionally, the conver-
gence along the RFD gust front should not be mis-
taken for the transition from in- to outbound
velocities in a symmetric vortex.
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Figure 7-93.  Vertical structure of a mature mesocyclone from a tornadic supercell from KVNX on 15 April 
2012 at 0046 UTC. All products are 8-bit SRM, and elevation increases in height from bottom to 
top. There is a Three Body Scatter Spike in A and B extending to the west. The radar is located to 
the east and outside of each frame.
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Remember that mature mesocyclones are
partly occupied by an RFD, which may extend
several kilometers above ground-level.

Decaying Mesocyclone In the decaying phase of a mesocyclone, the con-
vergent rotational signature in the low-levels grad-
ually transitions to that of divergent rotation as
outflow begins to dominate. Mesocyclone depth
decreases as does the maximum rotational veloc-
ity. As the mesocyclone weakens, it also broadens
and becomes diffuse. If the mesocyclone is tor-
nadic and undergoes a dissipating stage, the
tornado could persist for a period of time after
all evidence of the parent mesocyclone has
dissipated.

Cyclic Mesocyclone A supercell may produce more than one mesocy-
clone during its lifetime. The first mesocyclone typ-
ically takes the longest time to mature as the
supercell remains outflow deficient. Successive
mesocyclones mature much more rapidly as
they have the advantage of stronger lifting and
vortex tilting from a stronger gust front (Figure
7-95). The life spans of successive mesocyclones
may or may not be longer than the first one. The
first mesocyclone extends to low-levels as the
RFD reaches the ground. When the RFD matures,
the outflow wraps cyclonically around the center of
circulation, eventually closing it off from the inflow.
If the RFD is thermodynamically unstable, the
primary mesocyclone can continue for an
extended time. However, the leading edge of the
gust front associated with the RFD can quickly
produce successive updrafts and mesocyclones
owing to increased convergence and vertical low-
level vorticity. In turn, the successive mesocy-
clones become wrapped by local RFD enhance-
ment, and the process continues for possibly
several hours.
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Figure 7-94.  0.5 degree Reflectivity (top) and Storm Relative Velocity 
(bottom) from KAMA 11 April 2012 at 2030 UTC. The 
RFD gust front in the top image demarked by blue cold 
front symbol along the leading edge of the broad hook 
echo. This symbol is precisely where strong radial conver-
gence is located in the bottom. Note the radar to the SE.
Cyclic Mesocyclone   7 - 169



Distance Learning Operations Course
Summary The criteria for determining a mesocyclone is:

1. Shear: Shear thresholds vary depending on
radar sampling. Some mesocyclones may be
poorly resolved and yet still carry a consider-
able severe weather risk. Mesocyclone vorticity
lies on the order of 10–2 s-1.

2. Size: Mesocyclones are typically less than five
nm in diameter.

3. Continuity: Mesocyclones should extend verti-
cally through at least two elevation slices.

4. Persistence: Mesocyclones should typically
last at least ten minutes.

Figure 7-95.  A time sequence composite schematic at low levels of a multi-
ple mesocyclone supercell. The numbered circles identify vorti-
ces, and the thick lines indicate the RFD gust front. Tornado 
tracks are shaded red. Orange (blue) shading indicates updraft 
(downdraft). Significant vortex tilting occurs at the location of 
intense convergence and mesocyclone initiation (Dowell and 
Bluestein, 2002).

t=0

t=1

t=2

t=3
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Lesson 10:  Supercell Morphology: Dual-Polarization 
Characteristics
IntroductionWith dual-pol radar, we now have the opportunity
to observe important micro-physical structures that
are unique to supercells. Detecting these struc-
tures is critical to successful warning decision
making. This lesson overlaps a little with the les-
son on dual-pol updraft signatures, and then it
expands to describe other common radar-based
dual-pol characteristics associated with supercells. 

Objectives• Identify S-band dual-pol signatures com-
mon to supercells.

Mid-level Updraft-related 
signatures

Figure 7-96 shows the dual-pol signatures that
commonly accompany supercells at mid-levels
within or close to the updraft. These signatures
have been introduced as being very useful in
updraft detection as detailed in the Topic 7 lesson,
“Updraft Detection Using Dual-Polarization.” To
summarize, there are three important differences
that are unlikely to occur outside of a supercell
thunderstorm.

ZDR RingThe ZDR ring often surrounds a BWER between
the environmental freezing and -20o C levels. The
reason that a ring forms has been attributed to the
strong rotation within the updraft. Large water
droplets rising within the updraft’s outer edges
advect around the center of the mesocyclone
resulting in a ring-like structure. Not all supercells
exhibit a ZDR ring and others exhibit a partial ring. 

CC RingAbove the environmental freezing level and along
the outermost perimeter of the updraft just outside
the ZDR ring lies a ring of reduced CC values from
0.9 to 0.95. This ring forms as frozen particles
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from the main core interact with a raised melting
layer of the updraft resulting in a region of mixed
phased precipitation. Here, graupel, abundant liq-
uid water, and growing hail are likely present.
Because the perimeter of updraft where this
occurs is very narrow, and the updraft edge
changes quickly, this ring may not always be
apparent on radar. This is especially true as the
supercell undergoes mesocyclone occlusion pro-
cesses when the updraft is partially disrupted.

Figure 7-96.  A conceptual model of the dual-pol signatures common 
to a supercell in the horizontal plane top, and vertical 
cross-section, bottom. The letters A and B denote the 
endpoints of the vertical cross-section. This conceptual 
model shows all of the dual-pol signatures that would 
appear around the updraft at mid-levels.
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Low CC Updraft Column Sometimes, a core of very low CC air can be seen
within the BWER at mid-levels. This core appears
to be an upward extension of the low CC bound-
ary-layer inflow ahead of the storm. This signature
is dependent on the low-level inflow exhibiting low
CC. This low CC inflow may be associated with
non-meteorological scatterers, such as light vege-
tative debris or insects. In some stronger storms,
this signature can even be observed at altitudes
above the BWER. If the inflow is relatively clear of
insects and light vegetation debris, then this signa-
ture may not appear. A low CC updraft column
might also fail to appear if precipitation from this
storm or an adjacent storm is entrained by the
updraft. If so, then the precipitation signal will dom-
inate.

Supercell ExampleThe example supercell thunderstorm in Figure 7-
97, a cyclic tornado producer, was about to pro-
duce another tornado. Let’s begin with a discus-
sion of the features at the mid-levels and in the
vertical cross-section. 

ZDR RingNote that the vertical cross-section shows what
appears to be a substantial BWER. In actuality, it
was still a WER since there was an open end
pointing into the cross section (Figure 7-97A, B).
The reflectivity CAPPI was set at the -15oC level
(20 kft ARL), high enough to isolate the ZDR col-
umn and nearly a ring (Figure 7-97C). Since the
WER didn’t really close off into a BWER, the ZDR
ring also had an open end. 

Low CC RingLikewise, the low CC region or arc in Figure 7-97G
could also have been a ring had the high reflectivi-
ties closed off a BWER at -15oC. However, the
same mechanism applies, and so, for conve-
nience, we identify the low CC arc with the same
name as the conceptual low CC ring.
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Figure 7-97.  An eight panel display of the Cherokee, OK supercell of 15 April 2012 at 0046 UTC sampled 
from KVNX. The reflectivity appears as a (A) CAPPI set to 20.1 kft ARL and (B) a cross section 
with end points marked as A’ and B’ in the CAPPI. Similar displays of ZDR appears in (C) and (D), 
KDP in (E) and (F), and CC in (G) and (H). In all panels, the white (green) perimeter shows the Z 
> 40 dBZ (ZDR > 2dB).
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Low CC Updraft?One dual-pol signature that is notably absent is the
low CC updraft signature. While the storm inflow
CC was notably low (near the A’ in Figure 7-97H),
there was a substantial collapse of the high reflec-
tivity and high ZDR echo overhang that resulted in
some light precipitation entraining into the updraft,
weakening the low CC signature within its core.

In Figure 7-97G, there is a field of very low CCs
west (down-radial) of the precipitation core. This
feature could be identified as the low CC updraft
air since it appears to be in a notch surrounded by
high CC echoes, but this is a Three-Body Scatter
Spike (TBSS). Be skeptical of any adjacent low CC
echo masquerading as a low CC updraft signature
if it is:

1. Down-radial of intense reflectivities (> 60 dBZ)
and, therefore, could be a TBSS, and

2. Contains a low signal-to-noise ratio (high spec-
trum width) on the edge of a reflectivity area.

Other Dual-pol FeaturesFinally, some dual-pol features haven’t been spe-
cifically mentioned, since they can be quite com-
mon in non-supercellular severe convection.
However, take note that the ZDR column rises
almost to the environmental -20oC level, quite high
for liquid drops to survive (Figure 7-97D). The ZDR
column, still within the updraft, stays outside of the
updraft core. The KDP column, typically associ-
ated with the downdraft, also shows up on the
periphery of the updraft, in this case, to the north
and west of the ZDR column (Figure 7-97F). 

Low-level Dual-pol 
Signatures

At low-levels, the updraft signatures are replaced
with others that are commonly associated with
supercells. Low-levels are defined as typically
from the ground to 3 km AGL for most surface-
based supercells.
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Significantly Large Hail Supercells produce the vast majority of very large
hail (diameter > 2”). Thus, the dual-pol signatures
associated with this size hail commonly appear
within the low-level cores of thunderstorms. These
include CC roughly less than 0.9, ZDR less than 1
dB and preferentially near zero, and reflectivity
greater than 60 dBZ (Figure 7-98). There is a
severe hail identification lesson that explores the
dual-pol hail signatures in greater detail. 

Low CC Inflow The lower extension of the low CC updraft core
starts in the inflow layer. Usually this low CC inflow
is an extension of a low CC precipitation-free

Figure 7-98.  Similar to Figure 7-96 except the mid-level dual-pol sig-
natures in the horizontal plan-view have been replaced 
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boundary layer that is full of insects. However
supercells have a tendency to accelerate air into
the base of the updraft. If the inflow gets strong
enough, then light vegetative debris also gets
lofted and the CC may actually decrease in close
proximity to the supercell. That’s why the low CC
inflow area in Figure 7-98 is shaded darker as the
air flows into the base of the updraft. 

ZDR ArcOne of the most intriguing signatures is the ZDR
arc. This is a region of high ZDR precipitation
echoes that lie along the sharp low-level reflectiv-
ity gradient facing the storm-relative inflow. Some
of these hydrometeors are from the sloping echo
overhang and others are from the edge of the pre-
cipitation cascade region. Recent research has
theorized that the ZDR arc originates as the pre-
cipitation falling from aloft, is sorted by the vertical
wind shear present in the environment, and
enhanced along the forward flank outflow.

Imagine the wind profile with height changing in
magnitude and direction as the vectors in Figure 7-
99 show. Then release a large, medium, and small
size drops from the same position above the edge
of the forward flank precipitation curtain. The
larger droplets would respond less rapidly to the
changing winds the least as they descend and
therefore would fall closest to the precipitation-free
low-level inflow. The smallest drops would respond
most quickly to the changing winds and be carried
away into the main core unless they evaporate
first.

Because the size sorting continues to the ground,
this feature is shallow, often below 6 kft above the
ground. The fact is that strong vertical wind shear
is required to produce the ZDR arc; therefore, this
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feature appears most commonly in supercells. In
fact, Kumjian and Ryzhkov (2009) have suggested
that the magnitude of the ZDR arc increases as
the low-level storm-relative helicity increases. 

It is enticing to think that monitoring the strength of
the ZDR arc would give forecasters an assess-
ment on the strength of the storm-relative helicity
feeding the storm updraft, and that it could be
used as a tornado precursor signature. However,
there is no solid evidence yet and more research
is needed on the ability of this signature to help in
anticipating tornadogenesis. 

In the meantime, the best way to detect this fea-
ture is to choose a radar close enough so that the
lowest 6 kft can be sampled. Then choose either
the lowest scan reflectivity image or drop the
CAPPI into the lowest, clutter-free elevation possi-
ble.

Supercell Example Let’s look at an example of the low-level dual-pol
signatures in supercells by going back to the Cher-
okee, OK storm shown in the previous example. 

Significant Hail Signature In Figure 7-100A, the most intense low-level
reflectivity occurs just north of the inflow notch
where values exceed 60 dBZ. The ZDR in this
region falls below 1 dB (Figure 7-100C) and the
CC falls below 0.9 (Figure 7-100G, H). In fact, the
KDP is not displayed in AWIPS when the CC falls
below 0.9, and thus, black areas appear in the sig-
nificant severe hail region (Figure 7-100E). 

Low CC Inflow The low CC inflow appears throughout all of the
precipitation-free boundary layer echo ahead of
the supercell (Figure 7-100G,H). There is some
indication that the CCs actually drop within the
area immediately ahead of the storm. Lofting of
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wheat chaff and dust within the strongest inflow
could explain this CC drop since strong inflow was
reported into this supercell gusting up to 40 kts.

ZDR ArcA comparison between Figure 7-100B and C does
show a band of very high ZDR values straddling
the sharp reflectivity gradient of the forward flank
core. This is a classic ZDR arc signature. This arc
is expected with this supercell, and given the
strong storm-relative helicity in the pre-storm envi-
ronment, is likely augmented even more by the
storm-induced helicity as the inflow is accelerated
into the updraft along the forward flank outflow.

Note that there are other areas of high ZDR includ-
ing the hook echo. The ZDR arc often wraps into
the hook where continued drop size sorting is
likely. Other areas include the left flank of the pre-
cipitation core. High ZDR values often accompany

Figure 7-99.  A conceptual model of size sorting due to low-level 
shear along the forward flank of a supercell. This three-
dimensional perspective faces northwest. The arrows in 
the upper left represent the three-dimensional perspective 
of the winds at ascending levels. The red, brown and 
green precipitation trajectories represent the release of 
large, medium, and small drops from the same position 
respectively. Adapted from Kumjian and Ryzhkov (2009).
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heavy, convective rain free of hail. The ZDR arc is
distinct because it often occurs in the weaker echo
on the edge of a strong reflectivity gradient along
the forward flank precipitation core wrapping into
the inside of the hook.

Summary We break down the dual-polarization signatures
associated with supercells into two regions; the
mid-levels between the freezing and -20oC level,
and the low-levels focusing in the lowest 6 kft
above ground. 

Mid-level Signatures • The ZDR ring 

• The CC ring

• The low CC updraft

Low-level Signatures • Significant severe hail

• Low CC inflow

• ZDR arc

Sampling Issues Sampling some of these signatures is sometimes
problematic given their small size or shallow
nature. Here is a list of sampling issues with each
signature:

• ZDR and CC rings are small, similar to the
BWER in size. Radar needs to be close.

• The low CC updraft is small and the radar
needs to be close.

• Significant severe hail signatures are large
and relatively resistant to range degradation.

• The low CC inflow and ZDR arc are shallow
and the radar needs to be close.
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Figure 7-100.  Similar to Figure 7-97 except panels (A), (B), (E), and (F) have been replaced with the 0.5o ele-
vation PPI scan. 
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Not all of these signatures need be present to
identify a supercell independent of the sampling
issues. Some signatures such as the low CC
inflow and updraft require a buggy boundary layer
for their existence. The ZDR arc may require
strong low-level shear, though more research is
needed. Some supercells don’t produce very large
hail, or any hail at all, such as those that occur
within a deep, tropical air mass; thus, those signa-
tures may disappear.
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Lesson 11:  Supercell Archetypes
IntroductionEven though all supercells include mesocyclones
whose source of vertical vorticity is derived from
vertical wind shear, the broad diversity of supercell
structures can make it a challenge in identifying
them in operations. Thus, this lesson will describe
some of the ways that supercells may appear
through radar and other data.

This lesson will cover the characteristics of super-
cells with different precipitation distributions
around an updraft, such as Low Precipitation,
Classic, and High Precipitation supercells. It will
also cover left-moving supercells and mini super-
cells, and how their characteristics influence the
warning decision making process. 

Objectives• Describe the environmental, structural and
evolutionary differences that can produce
low precipitation, high precipitation, clas-
sic, left moving and mini supercells.

Background on 
Supercell 
Identification

The discovery and documentation of the “severe
right (moving) storm” occurred in the early 1960's
(Browning and Ludlum, 1962; Browning and
Donaldson, 1963; Browning, 1964; Browning,
1965a,b). These authors established that there
was a fundamental difference in radar structure
between the non-severe thunderstorm well
documented by Byers and Braham (1949) and that
of the severe, right-moving thunderstorm occurring
in a sheared, conditionally unstable environment
that Browning classified as the “supercell”
thunderstorm. The now well-known supercell
characteristics, as determined by Browning and
co-authors, are a sloping overhanging echo (most
often found) on the right storm flank, a conically
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shaped vault which penetrates upward into the
overhang beneath the highest storm top, and a
hook echo partly surrounding the vault in low
levels. This echo structure has since been found in
virtually all mid-latitude regions of the earth. From
about 1960 until the late 1970’s, these supercells
were recognized by the identification of this
archetypical reflectivity echo structure. The most
widely accepted name for the region beneath the
extensive mid-level overhang echo is the weak
echo region (WER). The vault is now frequently
called the bounded WER (BWER) (Chisholm,
1973; Browning and Foote, 1976).

Two reports by Lemon (1977, 1980) presented
results of a study designed to improve
conventional radar sampling techniques and
severe storm identification and warning criteria in
the National Weather Service (NWS). This
scanning technique also employed Browning’s
radar structural features listed above as radar
warning criteria for severe thunderstorms and
tornadoes. We still use volume scanning
operationally and apply these reflectivity features
to the identification of supercells and well
organized multicells or even line storms in some
instances.

But supercells began to be routinely identified in
the research community by Doppler radar in the
late 1970s to around 1980 using the mesocyclone
as the key structural feature. Supercells are now
said to be any storm accompanied by a deep, per-
sistent mesocyclone. Most of those same storms
also poses Browning’s reflectivity features as well.
In fact, both the mesocyclone and this reflectivity
structure uniquely result from deep moist convec-
tion occurring in strong deep-layered wind shear
(~ 1 X 10-3 per second or larger).
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Supercell 
Structural Classes

Supercells are grouped into three different struc-
tural classes depending on the amount of precipi-
tation contained within the core, and where the
mesocyclone is located with respect to the main
core.

Low-Precipitation 
Supercell

Low Precipitation (LP) supercells are generally
dominated by updraft with little precipitation
reaching the ground. These extremely rare
storms are visualized by exposed updrafts and
translucent to nearly transparent precipitation
cores. The relative lack of precipitation leads to
poor downdraft formation and thus these storms
could be said to be outflow deficient. LP supercell
updrafts often show significantly strong mid-level
mesocyclones. However, low-level mesocyclones
are rare owing to the lack of a well defined RFD.
Hook echoes are absent, and most of the precipi-
tation is carried well downstream of the updraft by
the storm-relative upper-level winds. Maximum
reflectivity in LP storms can be weak. However,
the reflectivity maximum likely consists of a few
large hailstones (Figure 7-101).

Figure 7-101.  A top-view schematic of an LP supercell.
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LP supercells have a shallow moist layer and
require significant instability and shear. However,
other conditions help to reduce precipitation effi-
ciency. Relatively dry boundary air reduces avail-
able moisture and adds to entrainment, but LP
storms can also exist where boundary layer mois-
ture is high. Additionally, very high storm-rela-
tive anvil-layer winds (>30 m/s) transport rising
hydrometeors well away from the updraft
before they descend out of the anvil layer (Ras-
mussen and Straka, 1998). Hydrometeors may
have little chance of recycling back into the
updraft, especially if the mid-levels are dry.
Because these storms are extremely rare, most
operational warning forecasters will never see
one.

Classic Supercells Classic (CL) supercells generate enough pre-
cipitation to be able to produce enough down-
draft for a moderately strong outflow. These
storms are associated with all the classic radar
features of a supercell including a hook, WER,
BWER, concave reflectivity gradient and mesocy-
clones (Browning, 1977; Lemon and Doswell,
1979; Burgess and Lemon, 1990; Burgess and
Doswell, 1993). The RFD is stronger and also
plays a prominent role in low-level mesocyclogen-
esis is more likely. The result is a greater threat of
severe weather from winds, tornadoes, and often
very large hail (Figure 7-102).

CL supercells often occur in environments of
low-level moist and conditionally unstable air
and strong deep layer shear. Storm-relative,
anvil-layer winds are likely to be lower for CL
supercells (mainly between 18 and 30 m/s).
These supercells produce the majority of long-
lived tornadoes. They are also the common cyclic
tornado producer.
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High Precipitation 
Supercells

High Precipitation (HP) supercells are thought
by some to be the most common of all super-
cells. They are highly efficient precipitation
producers and often produce strong down-
drafts and outflows, as well as very large hail
but with fewer tornadoes than CL supercells.
Large amounts of precipitation are available to
wrap around the mesocyclone, producing a
large, high reflectivity hook. Occasionally, the
RFD gust front associated with the hook is intense
enough to generate strong convection along its
leading edge (Figure 7-103). The result is that the
strongest core can be behind and to the right of
the mesocyclone path. Occasionally, this process
leads to supercells evolving into bow echoes.
These storms are found with some frequency to
travel along boundaries. There is a wide variety of
possible HP supercell configurations (Figure 7-
104), however, they all share traits common to all
supercells - a mesocyclone well correlated with an
updraft, a WER (and often a BWER), displaced
echo top, and a hook echo.

The mesocyclone is usually well sampled by radar
owing to the high reflectivity in the hook. Spotters
in the field often have a difficult time observing the

Figure 7-102.  A top-view schematic of a classic supercell.
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mesocyclone area most favorable for tornadogen-
esis. That area is often well back in the hook echo,
away from the leading portion of the storm, and
may be surrounded by heavy rain.

HP environments typically show more boundary
layer moisture than that of LP or even CL. How-
ever, high boundary layer moisture is not neces-
sary for an HP. Another possibility includes low
anvil-level, storm-relative flow (<18 m/s) to
allow precipitation to reseed the updraft
improving precipitation efficiency. A supercell
can turn HP if it is being seeded by aggressive
cells on its flanking line or adjacent storms. HP
storms carry all threats of severe weather, includ-
ing strong tornadoes. However, the threats of large
hail, damaging winds and flash flooding are greatly
enhanced with HPs.

Cautions about LP, CL,
HP Designations

Be cautious about how much time you spend
attempting to determine if a supercell is LP, CL or
HP. There is no formal definition, and many refer-
ences refer to these supercell archetypes using
different criteria. When published by Davies-Jones
et al. (1976), the first documented LP storm (4
June 1973) was called an “atypical tornado-pro-

Figure 7-103.  A top view schematic of an HP supercell.
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ducing cumulonimbus” because of so little rainfall,
yet the storm produced large large hail and a tor-
nado. The radar structure was also unusual
because of weak reflectivity (~ 40 dBZ), lower
storm top than other nearby storms, no hook echo,
and only a WER and mid-level mesocyclone on
the rear flank. These storms later became known
as the LP supercells.  It was still a supercell with a
mesocyclone.

Since their paper, the LP supercell has been pho-
tographically documented out in the field by
Bluestein and Parks, 1983. Many storm spotters
and storm chasers now label LP storms based on
visual properties of a nearly transparent precipita-
tion core and a fully exposed updraft tower, yet on
radar, the storms are clearly classic supercells. An
example of what some spotters have designated
as an LP storm is shown in Figure 7-105.

The nearly transparent precipitation core in visual
light can be deceiving. Much of the precipitation
may be composed of large hail. In addition, there

Figure 7-104.  A variety of documented HP supercell reflectivity con-
figurations. Adapted from Moller et al. 1990; Doswell, 
1985.
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are precipitation shafts behind the lowered wall
cloud under the right side of the updraft that may
fall unnoticed by spotters. The WSR-88D from 60
nm away showed that indeed the nearly transpar-
ent precipitation echoes were highly reflective.
However the radar was too far away to detect the
hook echo.

To summarize, when considering the potential
hazards of a supercell, be careful not to base it too
heavily on supercell classification. The storm in
Figure 7-105 produced a tornado shortly after the
image was taken (see Figure 7-106).

Mini Supercells As supercells can vary in the amount of precipita-
tion falling around the mesocyclone, they can also
vary in width and height. There can be low-topped
supercells with wide mesocyclones, or high-
topped supercells with narrow mesocyclones. By
definition, a mini supercell is one with all fea-
tures and dimensions significantly reduced,

Figure 7-105.  A supercell from 3 May 1999 near Anadarko, OK as viewed from the 
east. Photograph by Jim LaDue.
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even the mesocyclone. Mini supercells are
generally low-topped can reach anywhere from
20-30 kft AGL. Mesocyclone diameters in mini
supercells typically are less than 3 nm.

There are no structural differences between mini-
and the larger, typical supercells. There are differ-
ences in the expected severe weather. Giant hail
(>2.5”) is rare because of limited extent of the
updraft into the hail growth zone, and smaller hori-
zontal dimensions of the updraft. Poor radar sam-
pling of small mesocyclones means that the
mesocyclone, if detected at all, may only
appear as shear. To illustrate this point, the super-
cells in panels A-C of Figure 7-107 are tornadic
even though their associated mesocyclones were
very small and/or quite weak. Therefore, it is

Figure 7-106.  Lowest elevation reflectivity scan (left) and storm-relative velocity scan (right) from the 
KTLX WSR-88D of the same supercell viewed in Figure 7-105. The radar was 60 nm away 
from the storm. The inset shows the same reflectivity scan with surface METAR and Oklahoma 
mesonet plots.
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important to recognize mini supercells and be
more sensitive to the fact that weak circulations (Vr
< 30 kts) can carry a significant tornado risk (Pren-
tice and Grant, 1996).

Left-moving Supercells Left-moving supercells can result from a storm
split and contain an anticyclonic signature
rather than the typical cyclonic mesocyclone.
They are structurally a mirror of the right-
mover. Very few left-moving supercells produce
tornadoes, and for reasons that are poorly under-
stood, they often produce long swaths of giant hail.
As long as the hodograph is relatively straight, the
left-mover can be as strong as the right-mover.

Figure 7-107.  A spectrum of supercell types from mini supercells in panels A 
through C compared to a typical supercell on the right. Each supercell 
is tornadic and the zoom in factors are identical so that the size of the 
supercells in relation to a large HP supercell (D) can be compared.
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Note that the reflectivity structure of a left-moving
supercell infers the updraft to be on the left side of
the core as shown by the enhanced reflectivity
gradient and concavity on the north side of the
northern supercell in Figure 7-108. In the same fig-
ure, the velocity pattern shows anticyclonic shear
in the left-mover.

SummaryLP supercells exist with no real definition, and yet
there is a building consensus that LPs are unable
to form a hook echo and also produce insufficient

Figure 7-108.  Base reflectivity and velocity image of a cyclonically 
(bottom) and anticyclonically (top) rotating supercell pair 
from KUEX 22 May 2004. The top two images are Z and 
SRM from 0.5 degrees, while the lower two images are Z 
and SRM from 3.4 degrees. Notice the BWERs in both 
storms at 3.4 degrees and direction of rotation for each 
storm (cyclonic for southern storm, anticyclonic for north-
ern storm).
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outflow to create low-level mesocyclones. They
typically exist in dry boundary layers and/or strong
anvil-level storm relative flow, however just as
often, it is the way LPs initiate that provide a clue
as to their existence.

Classic supercells exhibit the typical structure of a
supercell, which includes an echo overhand on the
right-rear flank, a WER (or BWER), and a low-level
hook echo. Instability will often range within the CL
environment and deep layer shear (0-6 km AGL) is
critical and must be > 17 m/s. RFD winds can be
severe with imbedded microbursts. They appear to
form most often with moderate anvil-level SR flow
(18-30 m/s) but not always.

HP supercells exhibit a large hook, sometimes
with most of the core trailing the mesocyclone.
Intense RFD outflows often accompany HPs. They
typically form with weaker anvil-level SR flow (< 18
m/s). The environment is much like that of the CL
except the atmosphere is often very moist.

Mini supercells are structured very similarly to their
larger counterparts; however, you suffer the disad-
vantage of not being able to detect their features
as readily unless the storm is very close to the
radar. The shear and instability are often confined
to the lower levels of the troposphere.

Left-moving, or anticyclonically rotating supercells,
are structurally a mirror to their right-moving, or
cyclonically rotating, counterparts. They rarely pro-
duce tornadoes; however, they are prolific produc-
ers of other severe weather threats. While they are
rapid movers in most occasions in the Northern
Hemisphere, some environments allow for the left-
movers to be the slow movers.
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Lesson 12:  Analyzing Tornadic Scale Signatures
IntroductionA WSR-88D with dual-polarization offers forecast-
ers a broadened capability to infer ongoing or
imminent tornadoes. Velocity data can detect a
signature of a vortex that may be associated with a
tornado. The signature may either be a Tornadic
Vortex Signature (TVS) or a Tornado Signature
(TS). Dual-pol data can detect lofted debris from
columnar vortices connected to the ground. This
detection is called a Tornado Debris Signature
[TDS; Ryzhkov et. al (2005)].   

This lesson is in two parts. The first describes how
to identify a TVS vs. TS and how to assess the
potential to identify an actual tornado. We also dis-
cuss the types of true circulations that may mani-
fest themselves as a TS and TVS. The second
addresses the TDS and how to identify it.

Objectives • Describe the necessary conditions for
defining a Tornadic Vortex Signature (TVS)
and a Tornado Signature (TS).

• Understand the relationship between the
TS and TVS to the actual storm-scale circu-
lation.

• Describe how to detect a dual-pol-based
Tornado Detection Signature (TDS).

Tornadogenesis 
and the TS and TVS

The tornadogenesis process traditionally mani-
fests itself on radar as an increase in rotational
velocity in the mid- and/or low-levels. The tighten-
ing of a region of circulation is common, which
often leads to the development of a TS/TVS by
radar. On other occasions, the TS/TVS appears to
spring up out of nowhere. In reality, the range deg-
radation and sampling vagaries of radar data pre-
vents you from detecting the increased shear that
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exists just before the tightening process. Regard-
less of how it appears, the onset of a TS/TVS
should be associated with the phasing of a strong
updraft and increased low-level circulation. Note in
this lesson, we refer to the TS/TVS as one defined
by the operator, not an algorithm.

The type of circulations that satisfy this category
are possibly associated with tornadic rotation that
meets or exceeds established criteria for
shear, vertical extent and persistence. A
TVS/TS can be described as a tornadic velocity
profile superimposed on a larger mesocy-
clone. However, a larger parent circulation is
not required and sometimes the TVS/TS is the
mesocyclone. Let’s elaborate more specifically
on the TVS/TS criteria.

Tornadic Vortex
Signature (TVS)

A TVS occurs when the core diameter of the
tornado-scale circulation is smaller than the
effective beam width of the radar (Figure 7-
109a). A TVS shows up as a signature where
the radar detected maximum (Vrmax) and mini-
mum radial velocity (Vrmin) are located on
adjacent azimuths. That is unless the entire vor-
tex core lies within a single beam. In such a case,
the Vrmax, Vrmin would nearly cancel each other
out leaving a nearly zero radial velocity and a very
broad spectrum width.

Also, when the azimuthal sampling interval is sig-
nificantly less than the effective beam width, as is
the case with super-resolution data, then there
should be a transition zone between Vrmax, Vrmin
as the beam sampling becomes less independent
of one another. However, in reality, that’s not fre-
quent. 
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Figure 7-110 shows an example of a TVS sampled
with the 0.5o elevation angle from the Deer Trail,
CO tornadic supercell on 11 June 2010 at 0109
UTC. The maximum radial velocity was 35 kts (18
m s-1). The TVS did not have a radar detectable
Rankine combined vortex structure, because the
effective beam width was too large to sample the
inner core. Instead, the KFTG WSR-88D only
detected the potential flow increasing in speed as
the distance to the vortex center decreased until
Vrmax, and Vrmin were found on adjacent azi-
muths. This is a classic TVS. However, there was
also a separate Vmin without a corresponding Vmax
that was probably associated with a rear flank
downdraft.

Tornado Signature (TS)When the core diameter of a tornado-scale vor-
tex is the same width or larger than the effec-
tive beam width, we call the vortex a TS (Figure
7-109b). With more than one beam sampling the
vortex core, Vrmax and Vrmin almost always
appear separated by at least one radial.

Figure 7-109.  A schematic of A) a TVS and B) a TS. The core diam-
eter of the vortex is outlined by the red perimeter. The 
effective beam width is larger than the diameter of the 
TVS and equal or smaller to the diameter of the TS.
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Figure 7-111 is an example of a TS where Vrmax
and Vrmin are separated by four effective beam
widths or 1.15 nm (1.85 km). The maximum
inbound velocity was 124 kts (64 m s-1). Given
these figures and the reports from the ground, this
TS represented a high-end large tornado.

Resolving Tornado Width Since Figure 7-110 and Figure 7-111 show the
same zoom magnitude, and each vortex was
located 28 nm (51 km) in range, you may directly
visualize the size differences between these two
tornadoes. Even if they differ greatly in size and
strength, both vortices exhibited an isolated veloc-
ity core leading up to a well defined Vrmax, Vrmin
along with the maximum radial velocity gradient
directed tangentially and counterclockwise. In
other words, the detected velocity structure of both
the TS and TVS was purely rotational.

The existence of a TS does not guarantee that you
are able to resolve the actual tornado width. The
apparent core diameter of the TS immediately
increases as range increases even if the true core
diameter remains fixed. As Figure 7-112 shows,
there is no change in the how rapidly the diameter
estimate increases with range even through the
transition region is from TS to TVS. The apparent
core diameter of the extremely large tornado in
Figure 7-111 might more closely match its true
core diameter since it was more than four radials
wide. But, nonetheless, it is likely still an overesti-
mate.

TVS/TS Criteria Some criteria are required to verify the type of cir-
culation you are detecting, whether a TVS or TS.
The three criteria are the following:
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• A minimal shear: There is no hard lower
threshold in this criterion in the same way as
an algorithm like the TDA would be assigned
one. The minimal shear that an expert fore-
caster would define would depend on many

Figure 7-110.  Example of a Tornado Vortex Signature (TVS) from 10 June 2010 at 0109 UTC. The left (right) 
panel is the 0.5o reflectivity (0.5o SRM) slice. The range to the TVS is 28 nm (51 km).

Figure 7-111.  Example of a Tornado Signature (TS) from 24 May 2008 at 0053 UTC southeast of DDC. The 
left (right) panel is the 0.5o reflectivity (0.5o SRM) slice. The range and zoom level of this figure 
is the same as Figure 7-110. 
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things including the distance from the radar,
the forecaster’s assessment of the size of the
vortex, near storm environment, and past
experience. We will discuss what meaningful
shears may be of significance. 

• Vertical Extent: At least some vertical conti-
nuity should be seen in a TS/TVS so that there
is a high probability that an updraft is present
in the circulation. For most events, the depth
should be at least 1500 m (4900 ft.). Low-
topped supercells typically do not have deep
TSs/TVSs, even if tornadic. Sometimes, and if
detectable at all, only the lowest elevation
angle contains a gate-to-gate rotational signa-
ture in tornadic low-topped supercells. Some-
times the vortex may appear as a TS and a
TVS at adjacent elevation angles due to the
vagaries of sampling and vortex structure. The
vertical extent should include one or both man-
ifestations as long as the true vortex appears
to show vertical continuity.

• Persistence: In order to reduce the possi-
bility of a circulation that randomly
becomes vertically coordinated, you
should ensure that the TS/TVS persists for
at least five minutes. However, mesocy-
clones can spin-up over a considerable depth
in a very short time, and some legitimate
TS/TVSs may become tornadic in less time.
We suggest that if either signature forms in
close proximity to a strong updraft signature,
and a very supportive environment, persis-
tence may not be a requirement to call it a
TS/TVS and a tornado.

TS/TVS Velocity
Difference

The maximum azimuthal shear found in a TS/TVS
is perhaps the most consistent method for evaluat-
ing its strength; however, a forecaster needs a
method that can be done quickly using base data.
The fastest method is to simply take the radial
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velocity difference from where the maximum radial
velocity is located as long as it represents the vor-
tex core perimeter (see Figure 7-110 and Figure 7-
111). Therefore, the velocity difference (ΔV or
DV) is, 

where Vrmax, and Vrmin are defined in Figure 7-
110 and Figure 7-109. Notice that we do not use
inbound vs. outbound velocities because Vrmin
may still be the same sign as Vrmax. Because the
distance between Vrmax, and Vrmin increases as
the distance to the radar increases, DV is not
really equivalent to shear. However, to simplify the
process, we still use DV and account for how
decreasing resolution can affect the relationship
between DV and shear (more on this later). There
are two DV calculations that are typically used:

• The DV measured in the lowest slice is
called the Low-Level Delta V, or LLDV. 

Figure 7-112.  The increase in apparent core diameter of a tornado 
with a true core diameter of 800 m when viewed by a 
WSR-88D with super-resolution velocity data. Notice that 
the apparent diameter approaches that of the effective 
beam width as range increases. This figure was adapted 
from Brown et al. 2002. 

DVorΔV Vrmin Vrmax+=
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• The maximum DV for all slices containing a
TS/TVS is called Maximum Delta V (MDV).

Skill Scores for LLDV
and MDV

To determine whether LLDV or MDV is large
enough to satisfy part of the TS/TVS criteria
depends on how useful it is to use these parame-
ters in considering a tornado warning. Assuming a
forecaster issues tornado warnings based solely
on the presence of a TS/TVS, then the threshold
LLDV and MDV are critically important to know.
Unfortunately, there are many variables including
storm type, environment, and distance to the
radar, that impact and change these thresholds.
However, there is one way to provide some guid-
ance to help comparing the likelihood that a cer-
tain LLDV and MDV is associated with a tornado.
This guidance depends on incrementing the
thresholds higher and higher and then look at how
the False Alarm Rate (FAR), Probability of Detec-
tion (POD), and Heidke Skill Score (HSS) change
as the thresholds change using a large sample of
of TSs/TVSs of all storm types across the country.
The HSS score compares FAR, POD, missed
detections and correct nulls to show the best val-
ues for LLDV and MDV (TWG 2002). In other
words, a forecaster’s skill in issuing tornado warn-
ings would peak when choosing the threshold val-
ues of LLDV and MDV where the HSS peaks. 

Results show significant skill score values are
reached when LLDV exceed 20 m/s (40 kts) and
MDV exceed 30 m s-1 (58 kts; Figure 7-113). The
TDA algorithm default parameters are LLDV = 25
m s-1 and MDV = 36 m s-1. As these values
increase, the likelihood of a tornado also
increases; however, a forecaster waiting for pro-
gressively higher values beyond where the HSS
peaks before issuing a tornado warning suffers an
increasing chance of missing a tornado. 
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As a note, the data used in TWG 2002 was done
with legacy resolution velocity data and using the
TDA to collect only instances of TVSs. Current
indications are that super-resolution velocity data
involving TSs and TVSs offer similar skill in tor-
nado discrimination, however the HSS peaks
roughly 5 m s-1 higher. Given that super-resolution
data is likely to detect higher peaks in velocity, this
result is not surprising.

TVS Evolution via 
Descending TVS

Traditional supercell mesocyclones often begin at
mid-levels as the updraft tilts environmental vortic-
ity. As the updraft strengthens, the mid-level vortex
may strengthen as well, possibly manifesting itself
as a TS/TVS depending on the radar sampling. At
lower levels, the rear flank downdraft begins to
generate horizontal vorticity around its exterior. As
can be seen in Figure 7-114 some of the vortex
lines on the exterior of the RFD may get entrained
into the main mid-level mesocyclone and updraft.
As a result, a new low-level mesocyclone quickly
develops at lower levels inside the wrapping RFD
and under the updraft. Since the low-level meso-

A B

Figure 7-113.  Skill scores of a) TVS MDV and b) TVS LLDV values being associated with a tornado 
as measured by FAR (green curve), POD (red curve) and HSS (black curve). Adapted 
from TWG, 2002.
TVS Evolution via Descending TVS   7 - 203



Distance Learning Operations Course
cyclone is feeding off of air of downdraft origins, it
is often referred to as an occluded mesocyclone
where the term “occluded” means the pre-storm
air is no longer entraining flow directly into its
base.

At this stage, the WSR-88D may indicate that the
mid-level TS/TVS is descending as the low-level
mesocyclone strengthens. The process may or
may not continue to intensify into a tornado, how-
ever to the warning forecaster, it may appear that
the TS/TVS originates in the mid-levels and then
descends to the ground over time (Figure 7-115).
This process allows for the maximum lead time in
a tornado warning.

Figure 7-114.  A schematic of vortex lines wrapping around a 
descending RFD starting near the cloud base with vortex 
line 1 and then lower with lines 2, 3 and 4. Vortex line 4 
becomes entrained into the updraft and stretches on its 
sides, especially in the main updraft to the right and 
becomes the low-level mesocyclone. The environmental 
vortex line tilting into the vertical becomes the mid-level 
mesocyclone. Vortex lines from the low-level mesocy-
clone often entrain into its mid-level counterpart. Adapted 
from Markowski et al. 2008.
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Non-descending TVSStudies (Trapp et al., 1999; Wakimoto and Atkins,
1996) have indicated that not all mesocyclone-
induced TSs/TVSs descend from mid-levels to
reach the ground (Figure 7-116). About half origi-
nate at low-levels and then extend upward.
Often, this non-descending paradigm is associated
with subsequent mesocyclones in cyclic super-
cells, or in supercells with very strong low-level
shear, possibly from an outflow or other type of
boundary. Non-descending TSs/TVSs occasion-
ally originate within supercells above a boundary
containing strong vertical vorticity (Wakimoto and
Atkins, 1996). This is a critical observation, since
low-level tornadogenesis can occur in moments.
Warning lead time depends on monitoring the
trend of the low-level TS/TVS shear, picking the
right thresholds, and anticipating rapid tornado-
genesis. Non-descending TSs/TVSs will be dis-
cussed further in the section on multicell squall
lines.

Figure 7-115.   Time-height profile of ΔV showing an example of a 
descending TVS. The “T” represents tornado time (Trapp 
et al. 1999).
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Tornadoes within Quasi-Linear Convective
Systems (QLCS) tend to be associated with
TSs/TVSs that form from low-levels upward
(Trapp et al, 1999). Roughly 80% of QLCS
TSs/TVSs exhibit this non-descending paradigm.

TVS Performance vs.
Range to Radar

TS/TVS detections are limited in range owing to
degraded radar sampling with range. However, a
comparison on the statistical performance of
TSs/TVSs to detect tornadoes vs. range to radar
indicates that there is little range degradation out
to 150 km (~78 nm) (Figure 7-117). These results
show that other factors could be more important
than radar range degradation - at least within the
first 150 km. Therefore, there is a strong need for
spotters regardless of range to the nearest radar.

What is a TVS Really
Detecting?

The TS/TVS in Figure 7-118 is showing a small cir-
culation that is still much larger than a significant
close-range tornado as depicted by the high reso-
lution Doppler on Wheels (DOW) data. At low-lev-
els, the TS/TVS most likely represents part of the
intensifying mesocyclone inside the wrapping RFD
(Figure 7-119). The RFD axis is usually closely

Figure 7-116.  Similar to Figure 7-115 except with a non-descending 
TVS. 
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aligned with the axis of the wrapping hook echo.
The low-level flow inside the hook/RFD gradually
accelerates with decreasing distance to the circu-
lation center.

At far ranges, the TS/TVS may be more appropri-
ately called a non-divergent mid-level mesocy-
clone. Since they are relatively common, non-
divergent mid-level mesocyclones often appear as
TVSs at far ranges and that is why we often limit
TS/TVS to ranges less than a range of 80 nm (150
km).

In a few rare cases, the WSR-88D can resolve the
tornado where the vortex core diameter is four or
more effective beam widths wide. Such tornadoes
are essentially low-level mesocyclones whose
strength reaches tornadic values. These features
manifest themselves as TSs and it is possible to
have subvortices reveal themselves as TVSs

Figure 7-117.  Ability for TVSs of all storm types to detect tornadoes as 
a function of LLDV and range from the radar. The black 
curve represents the HSS for a range of 0-50 km, red rep-
resents 51-100 km, and green, 101-150 km (TWG, 2002).
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within the larger TS. The Greensburg, KS tornado
of 4 May 2007 exhibited TS characteristics from
the KDDC radar with legacy resolution data, and
within the TS, there were asymmetries in the
velocity data that may have suggested such an
occurrence (Lemon and Umscheid, 2008).

Tornado Debris
Signature (TDS)

A valid identification of a Tornado Debris Signature
(TDS) helps a warning forecaster identify that a
tornado is most likely occurring and is producing
damage. A valid signature is likely to be consid-
ered as close to an actual tornado detection as a
spotter report. With that being said, the process of
identifying a TDS must be done carefully to avoid
an incorrect identification. 

Identifying a TDS with
Dual-pol Radar

Tornado debris is comprised of large, randomly
oriented objects ranging from leaves to building
fragments. Because of this, the dual-pol radar cor-
relation coefficient product (CC) is by far the best
product to discriminate debris from meteorological
echoes. When analyzing a TDS, remember that
debris was actually introduced to the circulation 5-
10 minutes earlier. It takes time to loft and distrib-
ute the debris. And after the dissipation of the tor-
nado, it takes time for the debris to settle out.
However, identification of tornado debris with CC
alone is not sufficient. Let’s go through a method
to make a good detection of a TDS.

Velocity 1. First identify a storm-scale vortex such as a
mesocyclone and/or a TVS (or TS) located in
the vicinity of an updraft as per the instructions
in Topic 7. There is no lower bound velocity
threshold but the rotational couplet should be
pronounced. In some cases, a vortex may be
unresolvable and spectrum width may show a
local and very high peak.
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CC2. In the vicinity of a tornado vortex, look for a
small minimum in CC. Typically, a value < 0.8
indicates a good potential for randomly oriented
scatterers. This is not a hard threshold, how-
ever. Sometimes CC in a valid TDS may fall to
0.9 only when rain is mixed with debris. How-
ever, a TDS with a CC this high is rare.

Reflectivity3. If you have a localized CC minimum centered
near a vortex, then check to see if the reflectiv-
ity is at least 40 dBZ. Lower reflectivities may
result in untrustworthy CCs. In addition, the CC
values may be the result of other non meteoro-
logical scatterers, such as insects or light sus-
pended vegetation particles.

Figure 7-118.  A comparison of radial velocity patterns of the 3 May 
1999 Oklahoma City tornado between the Doppler on 
Wheels (DOW), KTLX, and the experimental WSR-88D, 
KCRI. The DOW is resolving the tornado whose radius of 
maximum winds is marked by the white circle, which then 
is overlaid on the other two radars. The tornado at 0012 
(0027) UTC, is 200 (500) m in diameter (after Burgess et 
al. 2000).
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ZDR 4. ZDR is typically near zero in valid tornado
debris. However, the signature is not nearly as
pronounced as CC. Nevertheless ZDR can be
used as a confirmatory check.

Case TDS Example An example of two TDS candidates occurred with
the 14 April 2012 Cherokee, OK supercell shown
in Figure 7-120. Follow along with the tornado
identification methodology to find that two TVSs
exist enclosed by Circles 1 and 2 within Figure 7-
120. Each vortex at the lowest scan has passed
the vertical continuity check.

Checking for CC TDS
Candidates

Both exist along the edge of an RFD outflow and in
the proper spot relative to the parent supercell.
Going to the CC panel, note that there are low CC

Figure 7-119.  Comparison between radar observable features associated 
with a TVS and that from the ground facing north. The num-
bers in the photograph correspond to the numbers in the radar 
reflectivity and velocity insets on top.
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values within each circle. Circle 1 has a more pro-
nounced CC minimum than Circle 2, while the low
CC in Circle 2 is more in the low CC inflow.

Reflectivity CheckThe reflectivity panel shows that Circle 1 contains
values above 20 dBZ and even some in excess of
40 dBZ. There may even be the suggestion of a
debris ball, though not well defined. However, note
that the lowest CC overlaps with 40 dBZ echoes in
the southwest part of the circle. Circle 2 may have
lower CC values but the reflectivity at the vortex
center is just below 20 dBZ. 

So, there is strong confidence that the low CC
within Circle 1 is from tornado debris. However,
confidence is low that the low CC values within
Circle 2 are associated with any debris.

ZDR Sanity CheckWithin Circle 1 there is a well defined ZDR mini-
mum at the same location as the CC minimum.
This adds confidence that there is a TDS in Circle
1. The ZDR in Circle 2 is mottled with a mix of very
low and high values, similar to the pre-storm air.
Confidence remains low for a TDS in Circle 2.

Summary of Analysis of 
Figure 7-120

Circle 1 contains a TDS. There is a TVS in the
vicinity of a hook echo with a well defined CC min-
imum with sufficient reflectivity. Circle 2 shows no
TDS signature. While the radar may be depicting
debris, the signal cannot be separated out from
the low CC non meteorological scatterers that
exist around and within the inflow. This is the low
CC inflow signature that is common in boundary
layers with non-meteorological scatterers.

Does this mean that only one tornado is in exis-
tence? In fact it doesn’t. In Figure 121, two torna-
does are traveling across the landscape west of
Cherokee, OK.
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Figure 7-120.  A six panel display of the supercell west of Cherokee, OK on 15 April 2012 at 0100 UTC of all 
radar base products from KVNX. All panels are the lowest elevation scan. The discussion in the 
text refers to the rotational signatures within the circles labeled 1 and 2. The yellow star in the 
reflectivity image corresponds to Figure 7-121.
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The tornado on the left corresponds to Circle 1 in
Figure 7-121 while the one on the right corre-
sponds to Circle 2. At this time the left tornado is
larger and has been in existence for longer. Both
of those will result in more debris later. The one on
the right has just formed from the new mesocy-
clone and has yet to loft enough debris to raise the
reflectivity sufficiently from the KVNX radar to help
discriminate insects from debris at this range and
height.

Tornadoes Without a 
TDS?

This example highlights one aspect of TDSs that is
also common to many other radar signatures. That
is the absence of a clear signature doesn’t rule out
the existence of the hazard for which the signature
refers. But the presence of a TDS is as strong an
indication of a tornado as a spotter report. The
TDS should serve to raise confidence that tornado
is or has been in progress. But warning issuance
should never have to wait until a TDS occurs.

Figure 7-121.  A picture of two tornadoes west of Cherokee, OK on 15 April 2012 
at 0058 UTC. This image corresponds to the star in Figure 7-120.
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A majority of tornadoes thus are likely not accom-
panied by a TDS. Three factors may be the cause:

• The tornado is weak and short-lived. There is
insufficient strength and time to loft detectable
debris.

• There are not enough sources of debris. A tor-
nado crossing an open dirt field is unlikely to
generate as much detectable debris as a tor-
nado of the same strength going through a
town. Fine dust particles are too small for S-
band radar detection in order to generate a
TDS. A tornado must loft at least leaves,
grass, and forest debris to generate a TDS.

• The radar is too far away. Range is everything.
Weak tornadoes are unlikely to be detected
more than 40 nm away. EF2 and greater torna-
does may generate a detectable TDS up to
and possibly over 60 nm in range. The limiting
factors are the height to which debris is lofted
and the size of the debris footprint.

TDS without a Tornado? Has a TDS been present without a tornado? The
answer is possibly but very rarely. One such case
occurred where a low CC bull's-eye was co-
located with a rotational velocity couplet within
high reflectivity in northern Georgia (Figure 7-122).
NWS damage surveyors were unable to find sig-
nificant tree damage. It is almost certain that a vor-
tex was lofting light debris. The question is
whether or not the vortex was strong enough to be
defined as a tornado.

However, it is theorized that the main culprit in
false detections seems to be when vortex signa-
tures, low CC, and low ZDR values have been cor-
related within the weak reflectivity inflow notch
ahead of a pendant, or hook echo. These associ-
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ated vortex-like velocity signatures, in some
instances, may have been side-lobe related, but in
most instances, that is not the case. We simply do
not know the origin of these “ghost-like” vortex sig-
natures. However, the low values of CC and ZDR
are easily explained in the updraft inflow notch of
many supercells.

Tornado LifecycleNow let’s see how the tornado evolved over time
for the same storm covered in Figure 7-120. In
Figure 7-123A a new rotational velocity couplet,
mesocyclone (#2) begins with a strong convergent
component as the old occluded rotational velocity
couplet (#1) reveals itself as a TVS. The CC
depicts a prominent TDS and in fact the reflectivity
shows a donut hole at the tornado location.

Ten minutes later in Figure 7-123B, the old TVS
(#1) dissipated. What appears to be a continuing
TDS is actually false. The reflectivity shows that

Figure 7-122.  A TDS associated with a rotational velocity couplet located 10 nm 
southwest of KFFC on 21 January 2012 at 1721 UTC. The circle identi-
fies the location of the TDS.
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the low CC bull's-eye is in very low reflectivity and
there is no velocity couplet there. The new velocity
couplet (#2) has become a TVS and is sporting a
well defined TDS at the tip of the hook.

Ten minutes later (Figure 7-123C), a new rota-
tional velocity couplet (#3) has formed into a
mesocyclone at the tip of the hook echo. Mean-
while rotational velocity couplet (#2) is still a TVS
with an accompanying TDS. Note that five minutes
later in Figure 7-123C, the rotational velocity cou-
plet (#3) has become a TVS that is also accompa-
nied by a TDS. This TDS is relatively marginal
given the weak reflectivity but it has enough of a
prominent CC minimum that debris could be the
cause. Meanwhile, the rotational velocity couplet
(#2) dissipated as it moved to the left of the track
of the parent storm.

Summary - TVS/TS
Identification

Tornado-scale vortices manifest themselves as a
nearly pure rotational velocity couplet with an iso-
lated maxima in Vrmax, and Vrmin. If the Doppler
radar’s effective beam width is the same size or
smaller than the vortex core diameter, the vortex
manifests itself as a Tornado Signature (TS). If the
effective beam width is larger than the vortex core
diameter, then a Tornadic Vortex Signature is
(TVS) is the result. A TS exhibits both potential
flow outside the vortex core, and solid body rota-
tion within the core with Vrmax, Vrmin separated
by at least one azimuth. This is the same as a
Rankine combined vortex associated with nondi-
vergent mesocyclones. A TVS exhibits only poten-
tial flow and Vrmax, Vrmin on adjacent azimuths.
Sometimes both Vrmax, Vrmin may be enveloped
by the same radar beam resulting in a reduced
mean velocity. In those cases, Vrmax, Vrmin may
be separated by one effective beamwidth.
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Figure 7-123.  A lifecycle of a tornado viewed west of Cherokee, OK on 15 April 2012 in time increments (A) 
0041 UTC, (B) 0051 UTC, (C) 0100 UTC, and (D) 0105 UTC. Vortex centers are circled and 
labeled 1, 2 and 3. Types of signatures are labeled on the SRM and CC products.
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A valid TS/TVS needs exceedance thresholds in
the velocity difference. However, the threshold is
made to be flexible for you as a user, in order to
accommodate variability in storm size and range
degradation. Remember to discard hard and fixed
rules on what constitutes a minimum velocity dif-
ference for an operator defined TVS.

A second criteria that is important is a TS/TVS
should have some vertical continuity. We would
like to see that continuity extend across at least
two elevation scans. However, use 1500 m as a
good starting point for vertical depth.

A third criteria is that the TS/TVS should persist for
about five minutes. This criteria is not so hard
since there are plenty of situations where a TVS
may barely precede a tornado, if it does at all.
Most often, when near the ground, a TVS or TS
are ongoing tornadoes.

A TS/TVS may occasionally represent an
occluded mesocyclone in a typical supercell at low
levels where the radar is resolving a circulation
somewhere in between the tornado scale and
mesocyclone scale. Not all TVSs represent
occluded mesocyclones, especially when consid-
ering non-supercell events.

Remember that you should not depend on a
TVS as a primary consideration in a tornado
warning. It is a signature that represents one of
many clues in your decision making.
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Summary - TDS 
Identification

A TDS means that a tornado is almost certainly
ongoing and capable of damaging any structures
it impacts. However, many tornadoes do not
exhibit a TDS due to range degradation, the
strength and size of the tornado, and/or a lack of
debris source.

The methodology to detect a TDS is the following:

1. Look for rotational velocity couplets in a velocity
product

2. Identify an accompanying CC minimum, prefer-
ably less than 0.8

3. Check to see which CC minimum satisfies the
minimum reflectivity threshold of 40 dBZ. Lower
reflectivities mean a low confidence level of a
TDS.
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Topic 7: Convective Storm Structure and Evolution

Lesson 13:  Tornado Hazards
IntroductionThe problem of deciding whether or not you should
issue a tornado warning creates arguably more
consternation than any other warning type. Trying
to anticipate a tornado is difficult since science has
not provided sufficient understanding for how all
the ingredients for a tornado come together. In
fact, we may still not know all the ingredients for a
tornado. But, we are not completely at a loss.
There are many sources of information available
that can supply us with evidence that we can use
in making accurate tornado warning decisions. In
this lesson, we will describe these sources and
give some advice that you can use in your warning
operations.

Objectives• Describe typical considerations involved in
the proper methodology for inferring a high
threat from mesocyclonic and non-meso-
cyclonic tornadoes.

Types of TornadoesYour strategy for assessing a tornado threat
depends greatly on how the threat is evolving. At
its most basic level, a tornado requires a high con-
centration of vertical vorticity that is embedded in a
converging and ascending flow into a convective
cloud base. The question is, “Where did the verti-
cal vorticity originate?”

Nonmesocyclonic 
Tornadoes

The most basic origination is that vertical vorticity
was already embedded in a line of convergence
and waiting for a locally intense updraft to intensify
it (Figure 7-124a). This type of tornado has been
called a landspout, but is more appropriately
termed a nonmesocyclonic tornado. This type of
tornado is the only kind that can occur in associa-
tion with updraft dominated ordinary cells.
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Note that at the time of tornadogenesis, the parent
storm is in the towering cumulus phase where little
to no downdraft is present in the cell. At this time,
the boundary layer is often characterized by a
steep or dry-adiabatic lapse rate. Subsequently,
appreciable precipitation and a downdraft will
develop, and this often leads to the demise of the
tornado.

Mesocyclonic Tornadoes The second type of tornado occurs in an environ-
ment that had little or no vertical vorticity previ-
ously to the storm (Figure 124b). In order to get a
tornado, a negatively buoyant downdraft must be

Figure 7-124.  A simple vortex evolution of vortex lines progressing toward tornadogenesis 
through a), the convergence and stretching of pre-existing vertical vorticity by an 
updraft, and b), the upward tilting of baroclinically induced rear flank downdraft hori-
zontal vorticity by the updraft (adapted from Markowski et al. 2008).
7 - 222    Types of Tornadoes



Topic 7: Convective Storm Structure and Evolution
involved in order to generate horizontal vorticity
that can then be tilted upward through interaction
with a positive gradient of vertical velocity from the
rear to the front. An updraft cannot accomplish this
by itself. We call this a mesocyclonic tornado
that typically accompanies supercells. Many torna-
does may derive their vorticity from both sources. 

Storm Environment 
and Signatures

Most of the longest and most intense tornadoes
accompany mesocyclones from supercells so it is
important for development purposes that there is
sufficient (> 15 m/s) deep layer shear and instabil-
ity present in the environment. However, it is also
true that most supercells are non-tornadic, so
something more is needed to favor tornadogene-
sis.

Near Storm EnvironmentWarning decisions should involve the environment
(and its changes) just as heavily as they do radar.
Research has built up evidence that mesocy-
clone-induced tornado environments favor
strong 0-1 km shear and a low LCL (Figure 7-
125). Low-level shear helps to strengthen low-
level mesocyclones. The low LCL is associated
with buoyant rear flank downdrafts, allowing verti-
cal vorticity to be easily stretched (Markowski et
al., 2002). The LCL and shear should be in an
environment that promotes strong low-level
updraft acceleration (i.e., low CIN and strong
low-level convergence).

Boundaries are regions that can be locally favor-
able for tornadic supercells. Look for these types
of boundaries:

• Subtle boundaries with backed winds and
good SBCAPE providing a good clue of
increased low-level shear, low LCLs, and
little CIN (Figure 7-126), and 
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• Boundaries with strong vertical vorticity in
supercell environments. 

Supercells can quickly stretch environmental verti-
cal vorticity along boundaries effectively and pro-
vide little forewarning of tornadogenesis.

Strengthening Updraft
Signatures

Evidence of a strong updraft in the lowest half of a
storm provide even more support that a low-level
circulation can be stretched into a tornado. Look
for the classic reflectivity signatures, including the
onset of a concavity in low-level reflectivity gradi-
ent, a strong echo overhang, displacement of the
echo top over a WER, and evidence of change in
storm motion. 

BWERs are rare, but if visible, there is an
enhanced threat of a tornado when coupled
with a strong mesocyclone and/or TVS/TDS.
However, you should not depend on a BWER
to consider a tornado warning. 

Figure 7-125.  The probability that a severe report within proximity to a sounding was a significant tornado 
as a function of LCL height and 0-1km shear (from Craven and Brooks, 2004). 
7 - 224    Storm Environment and Signatures



Topic 7: Convective Storm Structure and Evolution
Onset of Low Level 
Mesocyclone 

Based on the National Severe Storms Laboratory
Mesocyclone and TVS algorithm performance,
30% of all TVSs (LLDV > 25m/s; MDV > 35m/s)
are associated with tornadoes (TWG, 2002). How-
ever, if the TVS is within a significant mesocy-
clone, the chances go up to 34% (TWG, 2002).
Look for improved odds of tornadic potential
when there is a well developed and stronger
mesocyclone in conjunction with a TVS.

Onset of the Hook Echo 
and the RFD

Note that strong mesocyclones more often pro-
duce tornadoes. And as importantly, look for a
strong convergence signature with that mesocy-
clone. Most often, a sharp and strongly convergent
gust front is closely associated with the low-level
mesocyclone signature. Mesocyclones with strong
tornadic potential have accelerating inflow signa-
tures. Sometimes, the RFD gust front and hook

Figure 7-126.  A schematic of a boundary-crossing supercell depicting favorable parameters for 
tornadogenesis.
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will appear to wrap around and occlude near the
tip of the hook as low-level mesocyclogenesis
commences. Most often, the divergence signature
associated with the RFD itself is too shallow to be
detected by radar. However, the gust front along
the RFD outflow is much more easily identifiable.

Combined Updraft and
Rotational Signatures

Recent research has shown that if a storm has a
BWER, as well as both a TVS and a mesocyclone,
the chances of a tornado jump to 39%. Remember
that favorable parameters for tornadic supercells
should be thought of as interrelated. For example,
if there is a BWER, a TVS, and a mesocyclone in
an environment of low LCLs, strong 0-1 km shear,
steep low-level lapse rates, and no CIN, the odds
for tornadogenesis are much higher than if the
same three signatures were in a poor environ-
ment.

Other Considerations in
TWG

As a tornado nears the end of its life cycle, the par-
ent mesocyclone, and even the TVS, contract to
the point of becoming unresolvable. During the
weakening stage, the vertical depth also typically
decreases. Thus, at longer ranges, diminishing cir-
culations, while still damaging, will likely become
unresolvable earlier in the process.

Do not terminate your warning prematurely
based on radar interrogation strategies of a
vortex signature. Allow 15 minutes for the end
stages of a tornado and associated damage.
This may be particular appropriate if a Tornado
Debris Signature (TDS) using Dual Polarization
data is apparent. Based on operational evidence,
a TDS will start later and end later than the tor-
nado (and likely any TVS signature). With high
confidence, you can likely enhance wording in a
warning or statement that debris is occurring with
a valid TDS.
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Later Stages in 
Tornadoes

Be careful not to terminate a tornado warning
for a supercell with a weakening mesocy-
clone/tornadic vortex signature that is rapidly
approaching, or already within, a favorable tor-
nado environment. The supercell may just be in
the process of producing a new mesocyclone, or
the mesocyclone may be contracting into a tor-
nado. In some cases, the collapse of a BWER,
lowering of the storm top, loss of a BWER (or
WER), weakening reflectivity, and shrinking of the
mesocyclone diameter may mean tornadogenesis
is underway (Burgess 1974). 

Sampling 
Considerations for Mini 
Supercells

Lower your thresholds of what you consider a sig-
nificant mesocyclone or TVS in mini supercells. As
mentioned previously, velocity signatures are
weaker and smaller in mini and/or low topped
supercells, but can nevertheless produce signifi-
cant tornadoes. Because all the signatures are so
much smaller with mini supercells, the ability to
resolve them other than at near ranges is exceed-
ingly difficult.

Tornado and 
Mesocyclone Motion in 
Cyclic Supercells

Account for differing tornado motions than
storm motions, especially if a supercell is
cycling. Recall from the lesson on supercells that
older or decaying mesocyclones in cyclic super-
cells have significant motion to the left of the
actual storm motion and newer mesocyclone
motion. An old mesocyclone with a tornado can
move up to 10 miles left of the main supercell path.
Cyclic tornadogenesis appears to occur after the
RFD to the right of a mature mesocyclone surges
forward enhancing convergence at its leading
edge, as shown in Figure 7-127 of the cyclic
mesocyclone section. The locally enhanced con-
vergence helps initiate a local updraft, which then
tilts horizontal vorticity into the vertical. In a short
time, a new mesocyclone forms on the head of the
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RFD surge while the old one continues motion to
the left. The old mesocyclone often begins to
move left and to the rear of the main supercell,
either as a result of outflow from the main core
pushing it rearward or from inflow locally pushing
the RFD gust front backward. At times, the rear-
ward moving, expanding, and decaying mesocy-
clone will persist long enough to exit the supercell
precipitation to the rear. Rarely, this circulation will
produce damaging winds. Meanwhile, more than
one tornado may form on the RFD gust front, but
outside the center of the low-level mesocyclone
(see the red triangles in Figure 7-127)
.

Storm Mergers Be aware that mergers of a non-tornadic
supercell with a gust front increase the possi-
bility of a tornado. A wide range of possibilities
have been found to occur from this type of
merger, but precisely what leads to tornado-
genesis or failure of is poorly understood. 

Figure 7-127.  Conceptual model of a wide area tornado threat due to 
multiple mesocyclonic tornadoes (red tracks) due to 
mesocyclones 1, and 2, and satellite tornadoes (red trian-
gles) on the RFD gust front associated with mesocyclone 
2. The pink (blue) shaded represents updraft (downdraft). 
The gust front is represented by the orange line, and dot-
ted lines. The inserted photograph shows a developing 
mesocyclonic tornado, and two satellite tornadoes form-
ing in a similar fashion to the conceptual model. 
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A non-tornadic supercell interacting with a neigh-
boring gust front may result in many evolutions. A
tornado can be produced from an enhanced RFD
or if the storm ingests and tilts a high amount of
streamwise vorticity. Or no tornado occurs at all.

Additionally, collisions between left- and right-mov-
ing supercells may or may not assist tornadogene-
sis. The key lies in attaining a heightened
awareness of the possibility of a tornado when
you see an impending storm merge with
another storm or gust front.

Squall Line 
Tornadoes

There are a variety of storm structures that can
produce tornadoes in multicell systems, or Quasi-
Linear Convective Systems (QLCS) in general.
Some are associated with processes as a result of
line-end vortex formation in bow echoes, while
others are due to processes similar to supercells.
As was previously stated, supercells are com-
mon in the early stages of multicell develop-
ment, especially when the cells are still
discrete. The formation process of QLCS meso-
vortex tornadoes are treated in detail in AWOC IC
Severe 3. 

QLCS Tornado 
Environments

Because both bow echoes and supercells require
strong vertical wind shear, supercells and severe
bow echoes often occur in close proximity to one
another, or evolve from one of these structures to
the other during their lifetime. Environments of
bow echo tornadoes and supercell tornadoes
are hard to distinguish. Thus, it is important to
examine storm structure of each individual cell
within multicell structures, as supercell tendencies
are frequently observed with well-organized multi-
cell systems (i.e., those which develop in either
sufficient deep shear and/or large CAPEs). 
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Common Enhanced
Updraft Signatures in

QLCS Tornadoes

Well-defined front inflow notches (Figure 7-128)
often show up in reflectivity data to the north of a
surging area of outflow prior to tornadogenesis. In
these cases, the vertical vorticity is enhanced
by strong surface convergence and is at a
maximum at low-levels. Thus, tornadoes in
QLCSs typically form much quicker (mean lead
time of 5 minutes in the Trapp study) than with
isolated supercells. It should be noted that
resulting tornadoes, while often weak, can be
imbedded within heavy precipitation.

Typical TVS Evolution in
QLCS Tornadoes

Tornadoes within QLCSs tend to be associated
with tornadic vortex signatures (TVS) that form
from low-levels upward as opposed to some
classic supercells which have mid-level circu-
lations first and then build downward with time
(Trapp et al, 1999). This non-descending paradigm
for TVS evolution is shown in Figure 7-129.

Sampling
Considerations for

QLCS Tornadoes

Squall line tornadoes are quite often very difficult
to detect at more than 20-40 nm away from the
radar, as evidenced by the radar representation of
this tornado-bearing squall line in southern New
York on 26 July, 2012 (Figure 7-128). Notice the
evolution of the front inflow notch in reflectivity
from 2045 UTC (Figure 7-128A) to 2058 UTC (Fig-
ure 7-128G). Tornadogenesis occurred around
2049 UTC scan (Figure 7-128C&D).

Tornadoes in Weak
Shear

Environments

Ordinary cells are capable of producing significant
tornadoes given an adequate supply of low-level
vertical vorticity and a strong enough updraft.
These processes are not dynamically driven by
the traditional mesocyclone, and thus, do not
depend on strong vertical wind shear for their exis-
tence. 
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Figure 7-128.  Reflectivity and velocity displays of a squall line tornado 
event near South Montrose, NY. The white arrows indicate 
the location of the front inflow notch, and the yellow arrows 
indicate the location of the vortex signature associated 
with the QLCS tornado. Adapted from Trapp et al. (1999).
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Evolution of Signatures Figure 7-130 illustrates the evolution of pulse
storms that produce non-mesocyclonic tornadoes.
Consider a sharp surface boundary with strong
horizontal directional shear. The directional
shear across the boundary may break down
into a series of misocyclones. A young updraft
superimposed on top of one of these misocy-
clones stretches the preexisting vorticity
quickly into tornadic scales. 

Sampling
Considerations

Because the origin of the rotation in these fea-
tures is close to the ground, radar may easily
overshoot the circulation unless it is within 50
km. The diameter and lifetime of these misocy-
clones are small (<2 km, 5-15 minutes) also limit-
ing the ability of radar to resolve their velocity
structures. Finally, these circulations are rarely
accompanied by precipitation or other tracers and,
therefore, can go undetected by radar. This pro-
cess creates a difficult job for Doppler Radar to
provide adequate lead time of pulse storm torna-

Figure 7-129.  A time-height section of gate-to-gate radial velocity dif-
ferences with a non-descending TVS. 
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Figure 7-130.  A schematic evolution of pulse storm tornadoes. 
Adapted from Szoke et al. 1984.
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does. Spotter reports of funnels in these situations
should be taken very seriously (Lemon and Quoe-
tone, 1995).

Environmental
Considerations

Favorable conditions leading to the formation of a
tornado in weak shear conditions include:

• Environment with steep lapse rates, strong
surface heating, and no CIN (Figure 7-131).

• A well-defined boundary marked by a fine
line in reflectivity, velocity discontinuity in base
velocity, or a cumulus line visible from satellite.
The boundary should have significant vertical
vorticity. Note that 10 m/s of shear across a
1 km wide boundary produces the same
vorticity as a moderate mesocyclone (10-2

s-1). Ideally, the boundary and cell motion

Figure 7-131.  An example of a favorable sounding for weakly sheared tornadoes 
from Lamont, OK at 0000 UTC 20 May 2012.
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Figure 7-132.  0.5 degree reflectivity (left), base velocity (center), and correlation coefficient (CC; right) of non-
mesocyclone tornadoes from 2310 UTC (A-C) to 2323 UTC (J-L) 19 May 2012. White arrows in 
reflectivity and dashed lines in velocity represent boundary locations. White circles identify areas 
of rotation and red circles indicate tornadoes. Black circles in CC indicate location of TDS.
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should be nearly equivalent. Boundary colli-
sions are also common regions of pulse storm
tornadoes. An example of tornadoes forming
along a boundary is shown in Figure 7-132.

• Colliding or intersecting boundaries with
high potential for vertical vorticity produc-
tion is an area to be closely monitored
(Wakimoto and Wilson, 1989). 

A rapidly growing updraft situated close to or
over the boundary is a strong clue. Note that
many of these tornadoes are produced, at least
initially, without nearby precipitation and may be
hard to detect. At other times, thin lines close to
the radar may attend the boundary. But in either
case, visual observations can be critical in raising
situational awareness. Be especially alert for tor-
nadoes when the updraft forms an elevated reflec-
tivity core. 

Summary Tornadoes derive their vorticity either from pre-
existing vertical vorticity, or from tilting of horizontal
vorticity into the vertical by a downdraft. 

Three types of tornadoes we discussed in this les-
son include mesocyclonic tornadoes, Quasi Linear
Convective System (QLCS) tornadoes (also
known as squall-line tornadoes), and nonmesocy-
clonic tornadoes.

Mesocyclonic and squall line tornadoes are
favored in similar environments of strong low-level
shear, strong, deep layer shear, low LCLs, and
sufficient CAPE. Nonmesocyclonic tornadoes
require a sharp boundary with strong vertical vor-
ticity, an uncapped atmosphere featuring signifi-
cant CAPE, steep low level lapse rates, and a
developing updraft riding the boundary.
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Mesocyclonic tornadoes in conjunction with super-
cells are easiest to anticipate as they are typically
preceded by strong low- and mid-level updraft sig-
natures, strengthening circulation aloft, and an
onset of a hook echo and RFD. Confidence of a
successful warning rises with the simultaneous
presence of multiple signatures, including a TVS,
a mesocyclone, and a BWER.

Squall line tornadoes typically do not have deep
updraft signatures, however low-level updrafts can
be very strong. They typically occur on the leading
edge of a bowing line segment and may be pre-
ceded by the onset of a front inflow notch. TVS
signatures likely suddenly appear in a non-
descending fashion. Velocity signatures are often
very small and/or subtle, and a parent mesocy-
clone is not a requirement.

Nonmesocyclonic tornadoes are difficult to detect
via radar, given the lack of precipitation tracers
and a preceding deep circulation. However, given
close enough proximity to the boundary, the radar
can infer the presence of low-level circulations.
They are more likely to occur as a young updraft
phases with a pre-existing low-level circulation.

Recognizing the different types of conceptual
models for specific tornadic storm development is
crucial in effective tornado warning decision mak-
ing. A thorough analysis of the environment in
which tornadoes occur, in addition to the best pos-
sible radar interrogation strategies, must be the
prime considerations for an effective tornado
warning methodology. 
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Topic 7: Convective Storm Structure and Evolution

Lesson 14:  Multicell Archetypes
IntroductionMulticell storms consist of individual cells, either
ordinary or supercellular, in close enough proxim-
ity to affect each other in some way. For the pur-
poses of this lesson, multicells are groups of two
or more cells that at least share a common precip-
itation area and a cold pool. In nature, most Deep
Moist Convection (DMC) becomes multicellular
because there is typically more instability and forc-
ing than one cell can alleviate. It is very rare for a
single cell to be initiated in complete isolation from
subsequent initiation; therefore, multicells are
common in the broad parameter space of instabil-
ity and vertical wind shear. However, the combina-
tion of forcing, vertical shear, and instability has an
impact on the size and organization of multicell
structures.

This lesson has two parts. The first part describes
the mechanisms that influence basic multicell
structure. The second part discusses the common
archetypes exhibited by multicells.

Objectives• Identify multicell storm structures and evo-
lutions including conceptual models
described in this lesson.

Factors Important 
to Multicell 
Archetypes

The categorization of multicells is quite compli-
cated owing to the large variety of documented
structures and forcing mechanisms that are imme-
diately relevant to your severe weather forecasts.
No one single multicell categorization scheme has
been developed. Instead, we will describe major
characteristics as influencing the type of multicell:

• The type and orientation of forcing: Many
multicells are driven primarily by their own cold
pool. However, multicells can be dominated by
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non-cold pool processes. The orientation of
forcing may influence the development of a
multicell. Strong forcing can certainly hasten
the initiation of new cells.

• The vertical wind shear of the environment
interacts with the cold pool and influences the
ability for new cells to generate. We explain
this more in the lesson on multicell motion.
The interaction of the vertical shear with
updrafts also influences the potential for new
cell generation. We explain this in the lesson
on supercell dynamics.

• The vertical stability profile influences the
ease at which forcing can initiate new convec-
tion. The vertical stability does conspire with
vertical wind shear in many ways, one of which
is to create symmetric instability.

• The Coriolis force is an important mechanism
for modifying the structure of large multicells.

Multicell size is affected by the nature of forcing,
vertical wind shear, and vertical stability profiles.
However, the size of the multicell feeds back to
influence the nature of the forcing. Multicells can
easily grow upscale due to this feedback process.

Small, Isolated
Multicells

The smallest (meso-γ scale, 2-20 km) multicells
typically feature several individual cells of different
stages in development. You may have seen these
also called isolated multicells. New cells form
before old ones dissipate in close enough proxim-
ity to share cloud material, and precipitation. Typi-
cally, there are a small number of cells in any one
stage in a lifecycle, as depicted in Figure 7-133.
Cell A represents the dissipating stage where the
precipitation core is raining and fully occupied by
downdraft. Cell B is mature where the heavy pre-
cipitation core is descending with downdraft and
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the updraft bubble has overshot the equilibrium
level. Cells C and D represent the newest mem-
bers of this multicell and are primarily updraft dom-
inant. 

Non-cold Pool 
Dominated Forcing

In the conceptual model shown in Figure 7-133,
new cells form along an axis of forcing well outside
of the cold pool boundary. The cold pool, while
present, is too deficient to dominate the initiation of
new cells. Small multicells are most likely to be
cold pool deficient, and therefore, dependent on
the external forcing and instability.

Figure 7-133.  A schematic diagram of a small multicell being forced primarily by an 
external mechanism, A view from above is shown in a) where the brown 
line indicates the forcing. A cold pool is highlighted in blue shading, cloud 
boundary is shown in grey shading. The 20, 40, 50 dBZ reflectivity is out-
lined in green, tan, and red dotted lines respectively. Low level inflow 
(outflow) is shown in red (blue) streamlines. The faded double arrowed 
line indicates the axis of the vertical cross section shown in b). In b), Red 
(blue) streamlines represent up (down) drafts. This figure is moving 
along with the multicell motion vector. The multicell relative cell motion 
and the vertical shear vector are valid for a) and b). The horizontal scale 
is valid for a) and b). The vertical scale is exaggerated. 
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While the forcing is depicted upstream of the
steering layer flow, this is not a requirement for this
to be a non-cold pool dominated small multicell.

The multicell shown in Figure 7-134 was primarily
driven by a point source forcing manifesting as a
nearly stationary interaction between a sea breeze
front and a cumulus cloud roll. New cells formed at
the intersection, then progressed north and dissi-
pated on the north end of the multicell. The cold-
pool was too weak to force the multicell to move,
and a backward propagating, flash flood-produc-
ing multicell developed in south Los Angeles.

Cold Pool Dominated
Forcing

A small multicell could wind up being dominated
by a significant cold pool in an environment condu-
cive to its formation. Figure 7-135 is a conceptual
model of a cold pool dominated small multicell.
New cell initiation is forced primarily by ascent
from the leading edge of the cold pool. The gust
front typically moves faster than individual cells,
and therefore, this type of multicell outpaces indi-
vidual cell motion. We call this forward propaga-
tion.

Figure 7-134.  A time sequence of lowest elevation base reflectivity scans from KSOX on 12 November 2003 
of a nearly stationary multicell dominated by forcing from the intersection of two boundaries. Indi-
vidual cell motion is toward the north. 
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Figure 7-136 highlights a small multicell attempting
to match speed with a surging gust front. Watch
how cell A forms and quickly matures then dissi-
pates as it moves to the east much more slowly
than the gust front and the multicell.

Figure 7-135.  A conceptual model of a cold pool dominated small multicell. The 
annotations are similar to Figure 7-133 except the bounds of the cold 
pool are also shown as a blue shaded region in b).

Figure 7-136.  A cold pool dominated small multicell from 7 September 2007 at KVNX. The top (bottom) row 
represents 0.5o (4.3o) reflectivity. The label “A” follows one cell through its lifecycle.
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Large Multicells The dimensions of a multicell can range into the
meso-β (20-200 km) and meso-α (200-2000 km)
scales and persist for several or more hours.
Large multicells typically contain many cells in sim-
ilar stages of development. A Mesoscale Convec-
tive System (MCS) is a multicell whose
contiguous precipitation area exceeds 100 km (54
nm) in any direction. However, a large multicell
need not satisfy such criteria. Unorganized MCSs
may exhibit multiple flanks of sporadic, relatively
infrequent, new cell initiation. Meanwhile, orga-
nized MCSs exhibit relatively frequent new cell ini-
tiation on a preferred flank. MCSs produce large
anvil shields and subsequent areas of stratiform
precipitation in addition to strong system-wide cir-
culations that influence its structure and evolution.
Only in persistent MCSs does the Coriolis force
become a significant influence in its evolution.

Linear Nature of
Multicells

Large multicells are more apt to exhibit a linear
nature, reflecting the elongated lifting that com-
monly occurs along external forcing mechanisms
(e.g., fronts) and internally generated cold pool
boundaries. Fronts provide linear forcing, but mul-
ticells may not merge into a long line if the forcing
is weak. However, if the deep layer shear is largely
boundary-parallel, individual cold pools may more
easily merge, reinforce the front, and enhance
upscale growth into a long line (Figure 7-137).

Structure of Large Linear
Multicells

In addition to the propensity for linear develop-
ment, MCSs also develop significant system-wide
circulations as the large anvil and cold pool modu-
late the pressure field from the surface to upper
levels. Large stratiform rainfall falls from under-
neath the anvil. Two of the more widely accepted
conceptual models of the complex flow structure
are from Smull and Houze (1987; Figure 7-138)
and Biggerstaff and Houze (1991; not shown).
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A rear-inflow jet (RIJ) is a mesoscale region of
strong winds that originate in the trailing stratiform
rainfall region of a squall line near the top of the
cold pool and are directed toward the leading
edge. In the Smull and House (1987) model of a
mature MCS, development of the RIJ is attributed
to mid-level, mesoscale areas of low pressure
(labeled L3 & L4). The mesolow “L3”, which forms
immediately behind the leading line convection, is
a hydrostatically-induced, negative pressure per-
turbation that develops under up-shear tilted
warm, convective updrafts and above the evapora-
tively cooled downdrafts. Mid-level mesolow “L4”
forms in the stratiform region in between the warm,
buoyant air which gets pulled rearward past the
cool, dry descending air flow. Note that the major
difference between Figure 7-138 and Figure 7-135
is the presence of a stratiform precipitation region,
and attendant RIJ; both are features that more fre-
quently accompany large MCSs.

Figure 7-137.  The effect of shear orientation with respect to a line of 
forcing in determining the propensity for a linear MCS to 
develop. The left (right) scenario represents forcing paral-
lel (perpendicular) shear. The green regions represent 
precipitation, and the dot-dashed lines represent cold 
pool boundaries. Courtesy of Markowski and Richardson 
(2007).
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Linear MCS Subtypes Although MCSs develop a number of ways, all
mature MCSs contain both convective and strati-
form precipitation regions. The eventual MCS type
is determined, to a large extent, by the environ-
mental conditions in which it develops and the
strength of the cold pool. Parker and Johnson
(2000) studied numerous MCSs and determined
the distribution of hydrometers and stratiform pre-
cipitation shapes were largely a result of mean
storm-relative winds. The speed and direction of
the environmental mid- and upper-level winds
relative to system motion affect the resulting
evolution of the MCS. According to Parker and
Johnson (2000), MCS squall lines evolve into
three major archetypes: 1) trailing stratiform, 2)
leading stratiform, and 3) parallel stratiform.

Leading Stratiform MCS The leading stratiform precipitation squall line
archetype, which is typically slower-moving than
trailing stratiform systems, is characterized by
stronger mid- and upper-level storm-relative flow
(often described as rear-to-front flow) than any of
the other types (see Figure 7-139). 

Figure 7-138.  A conceptual cross-section of a mesoscale convective system (after Smull and Houze, 1987).
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Trailing Stratiform MCSThe trailing stratiform squall line type has a
sloped front-to-rear flow produced by stronger
system-relative flow in low-levels (and subse-
quent stronger low-level convergence along
the leading edge). These MCSs exhibit the fea-
tures outlined in the conceptual model of a squall
line shown in Figure 7-138 where the cold pool
provides most of the forcing for its maintenance.

Large Non-cold Pool 
Dominated Forcing

While most of the large multicell archetypes that
we have discussed are dominated by cold pools,
there are a host of large events embedded in envi-
ronments that do not allow the cold pool to
become significant, or that the cold pool cannot
influence a large multicell. We will discuss these
archetypes of large multicells in this section.

Figure 7-139.  A schematic of three MCS archetypes based on their line-orthogonal storm-relative flow (after 
Parker and Johnson, 2000). Left side top is leading stratiform, middle is parallel stratiform, and the 
lower left is trailing stratiform. The left most arrows and numbers indicate the storm relative line-
parallel wind component, while the 2nd column are the storm relative line-perpendicular wind com-
ponent. The right side is a sketch of the radar reflectivity patterns for each of the three squall line 
types along three stages of system development.
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Elevated MCSs This is one type of multicell likely not to be affected
by a cold pool. Elevated multicell DMC implies that
the updraft parcel roots for each cell has a source
above the ground, and that the air near the ground
is conditionally stable (Figure 7-140). The mor-
phology of elevated multicells depends even more
on the shape and intensity of the original forcing
within the context of the vertical stability profile.
Forcing mechanisms are more predominantly
associated with elevated lifting (e.g., differential
vorticity advection, localized warm advection, ele-
vated frontogenesis, or gravity waves). Elevated
multicells produce downdrafts; however, the result-
ing gust front is ineffective at creating new surface-
based convection as long as the near surface air
has zero Convective Available Potential Energy
(CAPE). Downdrafts merge with the stable layer
may not create a gust front. 

An example in Figure 7-141 shows a group of cells
initiated along a north-south axis (A) which corre-
sponds with a region of 850 mb warm advection

Figure 7-140.  Similar to Figure 7-133 except for a conceptual model of an elevated multicell, in this case, an 
MCS. Streamlines are added near the ground to represent air parcels not involved with the overly-
ing multicell. The shaded blue represents the stable layer though some air parcels penetrate this 
barrier to represent its porous nature.
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and frontogenesis (B), and a region of elevated
effective inflow base where buoyant parcel ascent
is possible (C).

Surface-based MCSsA surface-based MCS is also likely to be cold pool
deficient in very moist environments with minimal
Downdraft Convective Available Potential Energy
(DCAPE), or if there is significant DCAPE, a low-
level heating source acts to modify any cooling. 

Warm-core CyclonesAn extreme example of this kind of multicell is a
tropical cyclone. This is a warm core multicell
whose pressure minimum under convective heat-
ing does not become concealed by a dense cold
pool near ground, and the forcing is internally
driven. 

Tropical cyclones typically require a constant heat-
ing source such as warm water in order to main-
tain itself and mitigate cold pools. However, similar
structures have been found over land where cold

Figure 7-141.  An elevated, north-south oriented multicell located 
northwest of the KARX WSR-88D on23 July 2007 at 0144 
UTC. The KARX reflectivity is shown in A) while B) is the 
SPC meso-analysis of 850 mb temperatures (red dashed 
lines), winds, and frontogenesis (blue shading). The effec-
tive buoyant parcel inflow base is shown in C) where the 
red shading indicates values of 1000m AGL. The reflectiv-
ity has been scaled down and highlighted in B and C.
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pool production is weak. In the case presented in
(Figure 7-142), the remnants of Tropical Storm
Erin were reinvigorated as the circulation center
redeveloped a new MCS. In turn, the MCS did not
produce a significant cold pool, and a warm core
low intensified right down to the surface Figure 7-
142.

Cluster MCSs Another example of a large, cold pool deficient
multicell arose from an irregularly shaped forcing
pattern to produce a major flash flood and tornado
event in New York City on 8 August 2007 (Figure
7-143). While there is a surge in outflow along the
southern part of this multicell, there is little outflow
observed. It is interesting to note that the embed-
ded tornadic supercell west of Kings County
(Brooklyn) is on the trailing side of this multicell
and ingesting air that has been subjected to signif-
icant precipitation.

Figure 7-142.  Mosaic radar and surface observations from 19 August 2007 at 
1116 UTC. Courtesy of the Storm Prediction Center.
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Transition from Non-cold 
Pool Driven to Surface-
based, Cold Pool Driven 
Forcing

Cold pools are prone to deepening as multicells
grow upscale and/or persist. A multicell may tran-
sition from forcing-dominated to cold pool driven
as lifting increases over the cold pool or by the
gust front. Figure 7-144 shows an example of a
multicell evolution from elevated to surface-based.
Returning to the example in Figure 7-141, the mul-
ticell was forcing-dominated from 0003-0150 UTC.
By 0244 UTC, a cold pool had formed which was
large and powerful enough to force surface-based
convection along the gust front boundary. As a
result, the multicell propagated to the southwest.

Another common example of this transition occurs
when a line of discrete DMC transitions into a
squall line. In this case, discrete multicellular con-

Figure 7-143.  A large, irregularly shaped, cold pool deficient multicell containing a 
mixture of ordinary and supercells moves to the east over New York City 
on 8 August 2007 at 1026 UTC. On the left (right) is the lowest elevation 
scan of reflectivity (velocity) from the KOKX WSR-88D.
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vection initiates from an external forcing mecha-
nism and generates a cold pool that strengthens
over time. Early on, multicell forcing may be domi-
nated by either external mechanisms or updraft-
induced dynamic pressure gradients. Eventually,
the cold pool becomes the dominant forcing mech-
anism (Figure 7-145). How long this process takes
depends on the strength of the cold pool com-
pared to the vertical wind shear and the strength
and orientation of the initial forcing.

Figure 7-144.  Similar to Figure 7-141 except now for different time periods labeled at the top of each panel. 
Each panel is the lowest elevation scan reflectivity product.

Figure 7-145.  A conceptual vertical cross section of the progression of a multicell from updraft/forcing domi-
nant (left panel), cold pool and updraft forcing contribute equally (middle panel), and cold pool 
dominant (right panel). These figures are adapted from COMET (1999).
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Instability/Vertical 
Wind Shear Effects 
on Multicell 
Organization

We first describe what it means for a multicell to be
organized. More frequent and stronger initia-
tion on a preferred flank of a multicell is one of
the criteria for identifying a multicell as orga-
nized.

Non-cold Pool 
Dominated Small 
Multicells

The weaker the instability and/or vertical shear,
the weaker and more infrequent the cell regenera-
tion. In the example shown in Figure 7-146, the
individual cells are regenerating so infrequently
that they are almost discrete. More organized
small multicells exhibit an appearance of a more
persistent, plume-like updraft, and adjacent heavy
precipitation area as the rate of new cell initiation
becomes more frequent (Figure 7-147). You may
find that eventually the multicell acquires supercel-
lular characteristics.

Large Cold Pool 
Dominant Multicells

The impact of increasing vertical wind shear on a
large, cold pool dominant MCS allows for
increased possibility of a continuous, stronger
updraft along a preferred flank where a downshear
component exists. An optimal state of shear would
entail low-level shear well-balanced with the cold
pool boundary induced circulation, and/or suffi-
cient deep-layer shear to allow the convective
steering layer flow to match the gust front.

Multicells satisfying these conditions exhibit slab-
like lifting where you may have a difficult time dis-
cerning any discrete character to the cells. Figure
7-148 is a good example of slab-like lifting along a
gust front facing downshear. This event produced
widespread significant wind damage across south-
ern Minnesota.
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Figure 7-146.  Picture of a disorganized, cold pool deficient multicell north of 
Cocoa Beach, FL on 10 August 2004. The circles in the image repre-
sent the actual beam diameters from the KMLB WSR-88D. The corre-
sponding reflectivity images for each circle are shown right. Cells B 
and C are labeled on the reflectivity image and the photograph.

Figure 7-147.  A photograph of a small multicell producing more frequent pulses 
with stronger vertical shear than in Figure 7-146. Photograph by Jim 
LaDue.
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Large, Cold Pool 
Dominant Multicells

The impact of increasing vertical wind shear on a
large, cold pool dominant MCS allows for
increased possibility of a continuous, stronger
updraft along a preferred flank where a downshear
component exists. An optimal state of shear would
entail low-level shear well-balanced with the cold
pool boundary-induced circulation, and/or suffi-
cient deep-layer shear to allow the convective
steering layer flow to match the gust front. Multi-
cells satisfying these conditions exhibit slab-like
lifting where you may have a difficult time discern-
ing any discrete character to the cells. Figure 7-
148 is a good example of slab-like lifting along a
gust front facing downshear. This event produced
widespread significant wind damage.

Figure 7-148.  A four panel reflectivity image of a severe MCS exhibiting 
slab-like lifting west of Minneapolis on 31 May 1998 at 0358 
UTC. The nearest sounding indicated westerly 0-6 km shear 
of 25 m/s (49 kts), CAPE of 1500 J/kg, and LFC of 3700 m. 
The curve annotated in the left panels indicates the position 
of the surface gust front.
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Should this optimal cold pool/shear state become
unbalanced, the line may become more cellular.
The next example illustrates the impact low shear
has on creating discrete cells behind a gust front
despite a lower LFC (Figure 7-149).

Derecho Strong shear interacting with a strong cold pool
allows a cold pool forced multicell to become more
severe and longer lasting, and can result in a
derecho. A derecho is a widespread convectively
induced straight-line windstorm that exhibits a con-
centrated area of damaging winds with a length of
at least 400 km (216 nm), shows an organized
damage swath, contains gusts greater than 65 kt,
and does not show gaps of more than three hours
(Johns and Hirt, 1987). Derechos usually are pro-
duced by one or more bow echoes. 

Bow Echo A bow echo is a bow-shaped, multicell line of con-
vective cells that is often associated with swaths of
damaging straight-line winds and sometimes tor-
nadoes. The bow appearance occurs because the
precipitation has been deformed into the charac-
teristic shape by an axis of very strong rear- to-
front winds behind a segment of the line called a
rear-inflow jet (RIJ). Bow echoes are meso-β scale
(20-200 km or ~10-100 nm) features and often
have lifetimes between 3-6 hours. Severe bow
echoes are strongly favored in high CAPE/shear
environments. They represent almost continuous,
slab-like lifting along a deep gust front of a cold
pool dominated multicell.

In Figure 7-150, an organized, small multicell is
taking on a bowing configuration as strong envi-
ronmental vertical shear interacts with the deep
cold pool. If you were to assign a stage in this bow
echo life-cycle, it would likely fall between stage A
and B in Figure 7-151.
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The Effects of 
Coriolis Force on 
Multicell 
Archetypes

Large multicells, or Mesoscale Convective Sys-
tems (MCSs), are the convective events most sub-
ject to behavioral changes from the Coriolis force.
As shown in Figure 7-152, most linear MCSs
develop book-end (or “line-end”) vortices through
the tilting of horizontal vorticity, either from the
environment or along the cold pool edge. Provided
a sufficiently long lifespan, the cyclonic member of
the vortex becomes reinforced by the Coriolis
force while the anticyclonic member is weakened.
The MCS becomes deformed and eventually
exhibits a comma shaped configuration. A mid-
level hydrostatic low under the anvil shield of the
MCS also persists long enough to allow the Corio-
lis force to create a cyclonic circulation.

Figure 7-149.  Same as Figure 7-148 except this is a multicell whose gust 
front is parallel to a 0-6 km shear of 8 m/s (16 kts), a CAPE of 1900 
J/kg, and an LFC of 1500 m. 
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Mesoscale
Convective

Complex

A Mesoscale Convective Complex (MCC) (Mad-
dox 1980) is a subset of MCS that exhibits a large,
circular (as observed by satellite) long-lived, cold
cloud shield that exhibit the following physical
characteristics:

• Size Definitions: 

•• A - Cloud shield with continuously low infra-
red (IR) temperature ≤ −32°C must have an
area ≥ 105 km2

•• B - Interior cold cloud region with tempera-
ture ≤ −52°C must have an area ≥ 0.5 X
105 km2

• Initiation: Time both size definitions A and B
are first satisfied

Figure 7-150.  An organized, cold pool dominant multicell from 30 April 2004 
at 2144 UTC. The center picture was taken facing west from point 
A with the left and right bounds approximately marked by the yel-
low arrows in the upper left panel.
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• Duration: Size definitions A and B must be met
for a period ≥ 6 hours

• Maximum Extent: Contiguous cold cloud
shield (IR temperature ≤ −33°C) reaches max-
imum size

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

• Termination: Time both size definitions A and
B are no longer satisfied

The MCCs circular anvil shield masks the linear
nature of the active convection underneath. How-
ever, MCCs are the most likely type of MCS to
generate a Mesoscale Convective Vortex (MCV) in
mid-levels, which can, in turn, trigger thunder-
storms the following day.

SummaryMost episodes of DMC manifest themselves as
multicells. Individual cells making up a multicell
can either be ordinary cells, a mixture of ordinary
and supercells, or mostly supercells. When we
describe multicell archetypes, we recall some fun-
damental attributes that help determine their
behaviors. They include:

• Small vs. large multicells and the influence of
the Coriolis force

• Type of forcing to govern a multicell

• Vertical wind shear and stability

Small multicells consist of a limited number of cells
commensurate with the size of the responsible
forcing, They are primarily forced by external
mechanisms, however, they can be forced by their
own cold pools. Increasing vertical wind shear can
lead to more rapid initiation and intensity of new
cells. If a small multicell is not outflow dominated,
this increasing organization can result in supercell
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behavior. Outflow dominated small multicells may
transition to small bow echoes. The Coriolis force
is typically not a significant contributor to the orga-
nization of small multicells.

Figure 7-151.  A conceptual model of a bow echo evolution. 
Adapted from Fujita (1978) and COMET (1999).

Figure 7-152.  A schematic evolution of an MCS indicating the influ-
ence of the Coriolis force upon its structure. Adapted 
from COMET (1999).
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Large multicells, or Mesoscale Convective Sys-
tems (MCSs), are subject to influence by the Cori-
olis force. MCSs often organize along lines
following the linear nature of external or cold pool
induced forcing. 

Non-cold pool forced MCSs do occur, though less
often than with small multicells. These MCSs man-
ifest themselves in the form of warm core lows,
elevated convection, and in very moist environ-
ments.

There are several MCS archetypes based on their
stratiform precipitation distributions relative to the
active convective line and vertical wind shear:

• Trailing Stratiform precipitation (TS)

• Parallel Stratiform precipitation (PS)

• Leading Stratiform precipitation (LS)

Figure 7-153.  An extreme example of a Mesoscale Convective Com-
plex on 20 June 2007 at 0615 UTC. The GOES-WV 
image in the background has been overlaid with the 
reflectivity shield taken from a WSR-88D mosaic.
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TS MCSs tend to be cold pool forced, produce the
most wind events of any MCS archetype and are
the most common. PS MCSs also produce intense
cold pools, the updrafts tend to be more vertically
oriented, and are responsible for both severe wind
and heavy rainfall. LS MCSs are the least common
and least likely to have strong cold pools.

Increasing vertical wind shear allows cold pool
dominated MCSs to become more organized,
resulting in a transition from cellular lifting to more
slab-like lifting along the downshear side of a gust
front. Bow echoes exist as local regions of slab-
like lifting in strong shear environments.

Finally, MCCs are a subset of MCSs with a roughly
circular, large anvil top. The shape of their anvils
help induce Mesoscale Convective Vortices
(MCVs) in mid-levels, and anticyclones in upper
levels.

Figure 7-154.  A 500 mb analysis from 20 June 2007 at 1900 UTC 
showing heights (solid contours), temperatures in celsius 
(dashed red contours), isotachs in kts (solid blue con-
tours), and wind barbs in kts. 
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Topic 7: Convective Storm Structure and Evolution

Lesson 15:  Multicell Longevity and Severity
IntroductionOne of the most important questions to a fore-
caster is how severe and how long lasting will a
multicell be? A significant part of the answer to
that question lies in understanding the environ-
ment surrounding the multicell. A considerable
amount of research has been devoted to this sub-
ject, and this lesson will describe the current
understanding you can apply in a forecast.

Objectives• Identify the important factors that influence
the longevity and severity of multicell sys-
tems.

RIJs and MCS LongevityRear-Inflow Jets (RIJs), as discussed in another
lesson, are common with large, linear multicell
storms. However, numerical simulations suggest
the RIJs do not descend in the most severe squall
lines (Weisman, 1992). According to Weisman
(1992), most squall lines become upshear-tilted as
the cold pool dominates environmental shear. A
non-descending RIJ restores the balance, allowing
the squall line updraft to remain vertically erect for
longer periods of time. Thus, non-descending
RIJs are favorable to increasing the longevity
of MCSs. Environmental characteristics also affect
MCS longevity.

MCS LongevityMCSs can be long-lasting depending on the
environment and resulting propagation. The
COMET MCS module states that squall line life-
times generally range from as little as 3 to 5 hours
for weak shear cases, to as much as 4 to 8 hours
for moderate shear cases. The full lifetime of the
system, however, can often be much longer if a
new round of convection is triggered at the leading
edge by the weakening cold pool, a more favor-
able environment, or an external forcing mecha-
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nism (e.g., boundary or cold front) helps to
continually re-trigger convection. In strongly
sheared environments, overall system lifetime
often extends beyond 12 hours, especially if the
environment ahead of the system continues to be
thermodynamically favorable for convection.
External forcing features, such as cold fronts, may
extend system lifetime even further.

Example of Long-lived,
Severe Multicell

Derecho events, which result from the longest
surviving, fastest moving multicell systems,
can last from 2 to over 20 hours and can travel
across multiple County Warning Areas if
downstream instability remains sufficient (see
progressive derecho description in the lesson on
bow echoes). An example of this was the 15 July
1995 derecho which started in Michigan, moved
into southern Canada overnight and then eventu-
ally southeast across New York state from 0700
UTC to 1500 UTC, causing 5 deaths, 11 injuries,
and widespread damage (close to a million forest
acres destroyed). Figure 7-155 shows a broad
swath of wind damage from 60-70 mph winds and
greater (see case from COMET MCS case exer-
cises). These kinds of long-lasting multicell events

Figure 7-155.  Damage reports from the 15 July 1995 progressive 
Derecho.
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produce large swaths of extreme winds because
there is typically an abundance of downstream
surface-based instability, and system-relative flow
remains strong throughout its lifetime.

Inverse Relationship 
Between CAPE and 
Shear

To summarize, the intensity and longevity of
squall lines and bow echoes occur within a
wide range of environmental conditions and
shear/buoyancy parameters. As in supercell
environments, for stronger synoptic forcing,
deep layer shear is usually stronger and CAPE
is smaller. The converse holds true as well; in
weaker synoptic forcing, higher CAPE and
DCAPE are necessary to maintain the strong
winds at the surface.

Environmental 
Characteristics - 
Role of Shear and 
Instability

The influence of convective instability (in terms of
CAPE) on the strength of a single thunderstorm
has been discussed previously (see the lesson on
ordinary cells and supercells). For larger convec-
tive systems (like squall lines and bow echoes),
the buoyancy of the environment plays a similarly
important role. As individual cells begin to orga-
nize into multicell structures, a steady source of
potentially unstable air in the inflow is necessary
(in addition to the other factors) for the convective
system to sustain itself. Johns et al. (1990) exam-
ined 14 very intense derechos during the months
of June and July and found that CAPE values
were generally greater than 2400 J/kg near the
genesis region, but increased to an average CAPE
maximum of 4500 J/kg as the convective system
moved eastward.

Weisman (1993) studied the effects of CAPE and
shear on numerically simulated squall lines and
bow echoes and established a minimum CAPE
threshold of 2000 J/kg for long-lived systems.
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Evans and Doswell (2001) also studied CAPE dis-
tributions in squall lines via proximity soundings
and found a much greater range of values for
derecho events. They found that in most of the
cases that were weakly-forced (WF), the instability
(and CAPE) were generally larger than in those
cases that were strongly forced (SF) (Figure 7-
156). The degree of forcing in their study was sub-

Figure 7-156.  A box and whiskers plot of a) Most Unstable CAPE, 
and b) Mixed Layer CAPE versus the type of derecho 
observed by Evans and Doswell (2001). The label SF on 
the x-axis indicates parameters count for only strong syn-
optic forcing, WF indicates weak synoptic forcing, Hybrid 
indicates those derechos with aspects of both strong and 
weak synoptic forcing. The label ALL represents parame-
ters for all derechos. 
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jectively related to the strength of the approaching
500 mb vorticity maximum. For SF events, there
were a number of derecho systems that devel-
oped and persisted in environments with low
values of CAPE. A few derechos even developed
and persisted within regions of conditionally stable
surface air. 

Bluestein and Jain (1985) studied squall lines in
Oklahoma and found that the magnitude of the
vertical wind shear on average was slightly
stronger for severe lines than for the non-
severe lines (Figure 7-157). In their study, the
average CAPE for severe lines was significantly
larger than for the non-severe lines (2260 J/kg vs.
1372 J/kg), which agrees with other studies. 

Numerical Modeling of 
MCSs

Numerical cloud modeling simulations of long-
lived severe squall lines in An MCS Matrix
(COMET, 1999) explored the storm-scale evolu-
tion in the development and maintenance of long-

Figure 7-157.  Comparison of mean vertical thermodynamic and 
wind profiles for severe and non-severe squall lines. 
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lived multicellular systems (such as bow echoes).
The effects of environmental shear (in the lowest
2.5 to 5 km AGL) in balance with the surface cold-
pool circulation were determined to have great
influence on squall line/bow echo longevity. Verti-
cal wind shear values of 20 m s-1 (40 kts) or
greater were determined to be “optimum.” Weis-
man (1993) indicated that significant, long-lived
bow echoes evolved when the cold-pool circula-
tion overwhelmed the low-level shear in the simu-
lations, allowing the system to develop an
upshear-tilted structure. This setup, which
developed after several hours in the simulations,
showed a sloped, warm, front-to-rear ascend-
ing current developing above the cold pool.
The development of constructively interfering vor-
ticity regions causes the development of the RIJ,
which, if elevated and approaches the leading
edge of the system, can contribute to strength-
ened and upright low-level updrafts. This situation
also deepens the surface cold pool. Thus, a feed-
back mechanism is in place that intensifies the
entire system even further. 

Low-level Vertical Wind
Shear: Model Results vs.

Observations

Earlier modeling simulations suggested that strong
low-level vertical wind shear (roughly in the 0-2 km
layer) and correspondingly high values of CAPE
were needed to support the development of 3-D
mesoscale features, such as elevated RIJs and
bookend vortices within the convective system.
However, Evans and Doswell (2001) did not
find a clear relationship between cold pool
strength and low-level shear. Their data showed
that DCAPE (used as a proxy for cold pool
strength) and shear were not positively correlated
(Figure 7-158). However, they were unable to test
with their observations the assertion that the ele-
vated RIJ was necessary to re-balance the cold
pool/shear circulation (Weisman, 1993). 
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Role of Deep Layer Shear 
and an Overturning 
Circulation in MCS 
Maintenance

How does deep layer shear benefit multicell main-
tenance? Let’s assume that the low level shear is
held constant in a way that the cold pool boundary
and environmental boundary normal shear are
optimally allowing updrafts to erupt vertically. Air
parcels initially uplifted by a cold pool boundary
begin to interact with the environmental shear pro-
file with increasing height as they ascend into
upper levels. The final height achieved by the air
parcels is influenced by the strength of the cross-

Figure 7-158.  Scatter plot of a) DCAPE vs. 0-2 km shear vector 
magnitude and b) surface Δθ across the cold pool vs. 0-
2 km shear. Adapted from Evans and Doswell (2001).
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boundary shear in mid- to upper levels of the con-
vective layer. Other researchers have also docu-
mented the impact of Parker and Johnson (2004
a,b; Moncrieff and Liu, 1999; Shapiro, 1992).

Weak Upper-level Shear If the environmental shear in the mid levels is
weak as shown in Figure 7-159a, the updraft
becomes prematurely truncated as initially, verti-
cally ascending air parcels begin to experience a
more slanted path rearward over the cold pool
dome. The cold pool outruns the convective layer
steering flow and initiating cells cannot maintain

Figure 7-159.  An illustration of parcel paths beginning from the right 
in the lowest 2 km (thick black lines) for simulations 
including 5-10 km shear of (a) 0, (b) 10, and (c) 20 m/s 
on top of a 0-2.5 (0-5) km shear of 12 (20) m/s. Tempera-
ture deficits in the cold pool are shown in thin dashed 
lines, and positive vertical velocity are shown in thick 
gray lines. After Coniglio et al. (2006). 
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their proximity to the boundary induced lifting. The
appearance on radar may be that of strong low-
level reflectivity but weak reflectivity well below the
equilibrium level. As Figure 7-160 indicates, an air
parcel faces relatively low odds that it will achieve
the maximum potential height available to it based
on the environmental thermodynamic profile. This
evolution would most likely develop a Front Fed
Trailing Stratiform (FFTS) type of MCS as docu-
mented by Pettet and Johnson (2003). Recall the
lesson on multicell archetypes.

Moderate Upper-level 
Shear

Inducing moderate deep shear across the cold
pool boundary forces upward traveling air parcels
to begin traveling in the downshear direction as
the interaction of the shear and updraft induce rel-
ative high pressure upshear. The airflow in Figure
7-159b lifts slightly upshear, and then begins to tilt
vertically with many parcels finally exiting the
downdraft downshear (to the right). The updraft
becomes much deeper and completes what is
called an overturning cycle. The deep shear allows
the updraft to remain on the boundary for longer
periods of time. In addition, a larger percentage of
air parcels are likely to be lofted toward the maxi-
mum available equilibrium level as shown in Fig-
ure 7-160. This deep, more continuous overturning
of air parcels most likely occurs with TS and PS
MCS archetypes. 

Strong Upper-level ShearIf the upper-level shear becomes even stronger,
the air parcels on average fail to achieve the maxi-
mum potential height on average (Figure 7-159c).
However, as shown on the right side of Figure 7-
160, some air parcels still reach as high as with
moderate values of upper-level shear. The MCS
becomes more fragmented but they may possess
deep updrafts possibly exhibiting supercell behav-
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ior. The MCS may exhibit less slab-like lifting as
the individual cells may outrun the gust front much
more easily because the steering layer flow is
much faster, and less precipitation is falling into,
and reinforcing the cold pool. Therefore, individual
cells do not have a reinforcing mesoscale updraft
from which to survive. Individual cells likely survive
as long as their updraft/shear interactions can sup-
port an updraft in the context of the environmental
thermodynamic profile. This type of multicell is
most likely to be a Front Fed Leading Stratiform
(FFLS).

Forecasting MCS
Maintenance and

Severity

Evans and Doswell (2001) results showed that the
mean winds in the 0-6 km layer and the 0-2 km
system-relative inflow were stronger because sys-
tem speeds were faster for derecho events
(derecho defined later in text) in Mesoscale Con-
vective Systems (MCSs) as compared to MCSs
that did not produce derechos (Figure 7-161 and
Figure 7-162). The 0-2 km system-relative flow

Figure 7-160.  Distributions of the maximum vertical parcel displace-
ment for various values of 5-10 km shear along an 80 km 
portion of the MCS leading edge. The lines extend to the 
10th and 90th percentiles and the boxes enclose the 
25th and 75th percentile range. The median is repre-
sented by the thin line in each box. After Coniglio et al. 
(2006).
7 - 272    Environmental Characteristics - Role of Shear and Instability



Topic 7: Convective Storm Structure and Evolution
was enhanced in the strongest derechos likely due
to faster forward speed and resultant increased
low-level convergence. The mid-level system-rela-
tive winds did not show much difference between
derecho and non-derecho events.

Figure 7-161.  Box and whiskers plot of mean wind and system speed 
for severe and non-severe derechos. The shaded areas 
represent the 25th and 75th percent quartiles while the 
endpoints are the maxima and minima. Taken from Evans 
and Doswell (2001). 

Figure 7-162.  Similar to Figure 7-161, except for storm-relative 
winds. 
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In a MM5 simulation of 12 progressive derechos,
Coniglio and Stensrud (2001) showed that middle
to upper-level shear above the surface cold pool
was critical in sustaining squall line structure for
longer periods of time. An observational study by
Coniglio et al. 2007 reinforced the value of includ-
ing deep layer shear as a stronger influence in
maintaining a cold pool dominated MCS than that
of only low-level shear (Figure 7-163). 

In addition to deep layer shear, MCSs tend to favor
regions where convective initiation and mainte-
nance is thermodynamically easy. Once the
updrafts have erupted from the cold pool bound-
ary, a favorably high mid-level lapse rate is impor-
tant in order to maintain buoyancy of the updrafts.
MCSs can survive in weaker lapse rates provided
there is minimal inhibition and a fairly humid deep
atmosphere. Stronger deep layer shear may help
compensate for somewhat weaker lapse rates as
well (Figure 7-164). 

Figure 7-163.  Median shear vector magnitudes (lines marked by X) 
calculated over various depths among the mature (red) 
and dissipation (blue) sounding groups. The thin lines 
enclose the 25th and 75th percentiles of each distribu-
tion. After Coniglio et al. (2007).
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Impact on Mean Wind on 
MCS Maintenance and 
Severity

The results of Coniglio and Stensrud (2001), and
the observationally-based studies (Evans and
Doswell, 2001 and Coniglio et al. 2007) suggest
that, it is the strength of the mean wind which
appears to distinguish between derecho and
non-derecho MCS environments. The mean
wind and low-level convergence modulates low-
level system-relative flow, which also depends on
the forward speed of the surface cold pool. 

Additionally, it is important to understand that
squall lines have been observed over a wide
range of environmental CAPE (and vertical
wind shear). For any given CAPE, the intensity
and longevity of linear convective systems seem
to increase with increasing synoptic scale forcing,
which includes depth and strength of the vertical
wind shear.

A mature MCS optimally needs a combination of
significant low-level shear, deep shear, and suffi-
cient CAPE to support it.

Figure 7-164.  A scatter plot of the maximum deep shear (m/s) vs. the 
3-8 km lapse rate (C/km) for the mature and dissipation 
soundings. The linear discrimination line separates 75% 
of the soundings correctly. After Coniglio et al. (2007).
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Summary Long lived and severe multicells have characteris-
tic structures and are embedded in environments
that distinguish themselves from those that are
non severe. 

It turns out that long-lived multicells also tend to be
severe. A derecho defines a severe MCS event
that is both long-lived and severe. 

Large vertical wind shear appears to be a common
attribute associated with derechos. The question is
to what layer and magnitude does the vertical
shear have maximum impact. According to RKW
theory, the layer only needs to be contained within
a layer two times the cold pool depth at its leading
edge and strong enough to match cold pool
strength (roughly 30 kts). However, observational
studies point out strong vertical shear over a deep
layer is important to maintaining deep lifting over
the gust front. 

The value of the mid-level winds appear to be
important for the potential for a derecho. Stronger
mid-level winds increase the possibility that an
MCS may be a derecho.

MCS maintenance also appears to depend on suf-
ficient instability, especially manifested by steep
lapse rates in the mid-levels. However, derechos
can occur with small CAPE, especially within
strong synoptic forcing. 
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Lesson 16:  Multicell Motion
IntroductionAnticipating the motion of multicell deep moist
convection (DMC) is a bit more challenging than
that of ordinary or supercells. There is no single
theory for anticipating multicell motion, yet all mul-
ticell motion depends on where new initiation of
DMC is favored on a preferred flank. This lesson
describes the major considerations that you need
to know in order to anticipate the multicell motion.

Objectives• Identify the mechanisms that influence the
motion of a multicell.

Multicell Motion 
Considerations

Multicell storms may consist solely of a complex of
“ordinary” updrafts in different phases of growth
and decay, or may contain embedded supercells.
Since multicell storms contain such a wide variety
of configurations, multiple considerations may
exist for determining their movement. These
include, but are not limited to:

• Shear-cold pool interactions

• Low-level convergence

• Instability and moisture gradients

• Three-dimensional boundary interactions

Shear, Cold Pool 
Interactions

Since multicell storms become more organized as
shear increases, the role of shear on multicell
movement is important to consider. Rotunno et al.
(1988; henceforth referred to as RKW88) devel-
oped a theory, based on numerical simulations, to
explain the process by which shear interacts with a
multicell cold-pool boundary to enhance or sup-
press lifting. According to RKW88, preferential
new cell development occurs on the flank of a mul-
ticell storm where the shear vector is directed in a
positive sense relative to the boundary orientation.
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Lifting of Air by the Cold
Pool

To further explain how shear is considered impor-
tant, it is necessary to show how a cold pool ini-
tially lifts air without the presence of environmental
shear. All cold pools have density gradients along
their leading edge. This density gradient induces a
horizontal circulation with descending air on the
cold side and ascending air on the warm side (see
Figure 7-165). The ascending air ahead of the gust
front lifts up and over the cold dome. It then may
become caught in the descending part of the circu-
lation, limiting its net vertical lifting. If the LFC is at
the height of LFC1, convective initiation is likely.
However, consider the lifting failing to reach a
higher level, LFC2. Further lifting of the environ-
mental air to LFC2 can only be realized if the cold
dome depth increased at some distance away
from the leading edge. Therefore, in the absence
of shear, and if all other factors are equal, no por-
tion of a pre-existing cold pool is favored to initiate
convection.

Shear and Cold Pool
Induced Lifting

Add shear to the environment and, according to
RKW88, the shear interacts with the cold pool to
increase (decrease) the lifting on the downshear
(upshear) side. Take for example the situation

Figure 7-165.  Depiction of lifting environmental air relative to two 
Levels of Free Convection (LFC). Adapted from COMET 
(1996).
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where environmental shear is oriented downshear
(or positively) with respect to the outflow boundary
(right side of Figure 7-166).

The positive horizontal vorticity inherent in the
environmental shear and the negative horizon-
tal vorticity along the boundary constructively
interfere with each other to promote a verti-
cally oriented deep lifting zone. Conversely, on
the upshear side of a multicell cold pool (left side
of Figure 7-166), the environmental shear is now
pointed in a negative direction with respect to the
cold pool. In this case, the environmental horizon-
tal vorticity destructively interferes with that of the
cold pool boundary, decreasing the net vertical dis-
placement of the lifted air.

RKW TheoryIn the framework of RKW88 theory, new cell
development is favored on the downshear side
of a multicell cold pool. The depth of the shear
layer to be calculated when considering this theory
is on the order of the depth of the boundary,
approximately three kilometers.

Figure 7-166.  Schematic of positive environmental shear interacting 
with a cold pool boundary (blue perimeter). The yellow 
arrows indicate boundary-orthogonal wind vectors from 
U1 (bottom) to U2 (top). The value UL indicates the 
velocity difference and the orange horizontal arrow is the 
environmental shear vector. The red vertically pointing 
arrow represents a hypothetical environmental air parcel 
trajectory lifting over the boundary. From COMET (1996).
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Uncertainties in Shear-
Cold Pool Lifting

There are some uncertainties when using the
RKW88 theory for multicell propagation. One
involves the proper depth of the shear and
whether it should be a function of the LFC height,
boundary height, or some other benchmark.
RKW88 encourages using a shear layer around 3
km deep. However, their suggestion is based on
idealized simulations. As will be discussed later,
new theories argue for increasing the shear layer
depth beyond that of RKW88 when attempting to
describe squall line longevity (Coniglio and Sten-
srud, 2001).   Also, we do not know how dominant
this mechanism is at modulating multicell propaga-
tion, versus other mechanisms such as instability
gradients, interactions with strong low-level winds,
and boundary interactions. We will be discussing
these considerations next.

Gradients in Instability Gradients in instability can also modulate the prop-
agation of multicells, even without the shear/cold
pool balance. Richardson (1999) successfully
modeled the effect an instability gradient has on
the propagation of a multicell line. Not surprisingly,
new cell development was favored on the side of
the cold pool with a lower LFC. Eventually, the
favored side produced a larger cold pool and con-
tinued propagation into the instability gradient as
shown in Figure 7-167. To summarize, Richard-
son (1999) showed the importance of forcing
the multicell propagation vector toward higher
regions of instability as measured by higher
CAPE and lower LFC. 

Low-level Convergence Another factor that may affect multicell propaga-
tion includes strong low-level convergence and the
location where the low-level jet intersects the cold
pool boundary or other boundary at the greatest
angle. At this location, strong ascent of the low-
level jet over the cold pool dome or frontal surface
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promotes new cell growth and therefore, over
time, the multicell complex begins to move with a
component of motion toward the low-level jet.

In fact, Corfidi et al. (1996) found that back
building or upwind propagating Mesoscale
Convective Complexes (MCC) propagation
vectors were equal and opposite in magnitude
to the presence of a low-level jet centered near
850 mb. When the propagation vector was added
to the convective steering-layer flow, the total

Figure 7-167.  Contours of vertical velocity at Z=4.6 km AGL from a 
model simulation of multicell convection three hours after 
initiation. The gray contours are from a homogeneous mix-
ing ratio run of 14 g/kg while the brown contours are from a 
model run with a southward directed gradient in mixing 
ratios whose values are labeled on the right side of this fig-
ure. The red circle is the location of storm initiation in a 
storm-relative frame of reference. Adapted from Richard-
son (1999).
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motion vector correlated well with the observed
MCC motion. Thus, the term ‘Corfidi vector’
was coined to describe the expected motion
vector of a upwind propagating MCC. The cor-
rect term for the vector is actually the MBE
(Mesoscale Beta Element) vector (Corfidi,
2003). To estimate the MBE vector, add the mean
850-300 mb wind to the negative of the low-level
wind at the level of the strongest wind (usually
around 850mb). An example of this vector sche-
matic is shown in Figure 7-168.

Initial Application of MBE
Technique

Upwind propagating multicell storms, which
can also be long-lasting, usually result from a
combination of environmental factors, some of
which are related to the low-level jet impinging
on the upshear side of the multicell system
where surface-based instability is also present.
This process focuses the propagation vector in the
opposite direction of the advection vector (essen-
tially, the mean cloud bearing winds) and

Figure 7-168.  A schematic representation of the MBE vector adapted 
from Corfidi et al. (2003). Black arrows the steering-layer 
flow, Gray arrow is the opposite of the low-level jet vector, 
and the thick red arrow is the resultant motion of the 
upwind mesoscale convective complex.
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enhances new updraft growth and overall system
motion in the upshear direction. Quasi-stationary
convection often occurs when cell advection is
mostly offset by cell propagation resulting in
overall net multicell motion of approximately
zero (Figure 7-169).

Limitations to Original 
MBE Technique

There are several limitations in using the original
MBE vector technique. A significant number of
MCSs exhibit a rapid forward propagation
component in the presence of low-level inflow
that would yield a much different motion vec-
tor than the original MBE technique. For exam-
ple, a unidirectional vertical wind profile would
typically yield very slow MBE vectors yet a signifi-
cant number of MCSs exhibit rapid motions under
this kind of wind profile. Another limitation, or
issue, is picking the proper depth in which to
calculate a convective steering current. The
mean wind should be representative of observed

Figure 7-169.  BUFKIT hodograph showing a very small MBE motion 
in a back building multicell scenario.
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ordinary cell motions. If the analyzed mean wind
disagrees, then the MBE vector calculations will
be inaccurate. Also, the MBE technique assumes
the existence of the low-level jet with maximum
winds at the 850 mb level. If the low-level jet is
maximized at a different level, the MBE technique
may need to be adjusted to account for this varia-
tion. Finally, MCSs are large enough such that
they may span a mesoscale gradient in wind
fields. The MBE technique, applied in different
areas of an MCS, may yield different results. One
example would be a situation where the low-level
jet is directed to only part of the MCS.

Modified Corfidi
Technique for Downwind

Propagating MCSs

Corfidi (2003) modified his original technique to
account for systems which are strongly forward
propagating in a unidirectional shear environment.
In his most recent study, he examined MCSs that
moved faster than the mean 850-300 mb winds.
An example of the components of upwind and
downwind propagating MCSs, as well as the
favored location for initiation along the cold pool, is
shown in Figure 7-170. To estimate the potential
forward speed of such convective complexes, sim-
ply add the original Vmbe vector to the mean cloud
layer wind (Vcl) as shown in Figure 7-171. Vmbe
provided by the original technique is, in fact, the
negative of the gust-front-relative low-level flow for
a boundary moving with the speed and direction of
the mean cloud-layer wind. This technique
assumes that cell propagation occurs along the
direction of the low-level jet (forward propagation),
along the downwind side of the cold pool. Antici-
pating which technique to use depends on the rel-
ative amounts of dry air at low and mid levels,
location of strongest instability, and the orientation
of the gust front with respect to the mean cloud-
bearing winds.
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Forward and Backward 
Propagating System 
Threats

Back building multicell systems are notori-
ously heavy rain producers whereas forward
propagating systems are more likely to pro-
duce damaging winds. A mesoscale boundary
parallel to the steering layer winds can also affect
the propagation process and enhance continuous
redevelopment of convective cells in an upstream
direction of the multicell complex. The cells in the
line mature over the same location and thus, can
produce flash flooding.   Often, the low-level jet is
positioned perpendicular to this boundary. An
example of this was the 7 May 2000 heavy rain
event in northeastern Missouri (See Glass et al.,
2001). During this event, continuous redevelop-
ment on the upshear side of the multicell complex
led to small net system movement and heavy rain
in the same location (some places received over
17 inches) over a period of 12 to 24 hours.

Figure 7-170.  Schematic showing a horizontal view (top) of an MCS and its attendant gust front. The Green 
star is the location of the vertical cross section for an upwind propagating MCS (bottom left), 
while the red star is the location of the vertical cross section for a downwind propagating MCS 
(bottom right).
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More on Forward
Propagating MCSs

See the example sounding on the following page
at Norman, OK (OUN) from 0000 UTC 28 May
2001 (Figure 7-172). This is an excellent case
illustrating a poor estimation of MCC motion using
the original MBE vector technique. Note the large
CAPE (4597 J/Kg), dry air in mid-levels, and
strong mid- and upper-level winds (from W to NW
at 50-80 kts in the 5-12 km AGL layer) in the
sounding. Given the availability of dry air at both
mid-levels and in the sub-cloud layer, downdraft
potential is quite strong. The resulting strong con-
vectively driven cold pool that developed with the
multicell storms in southwest KS and northwest
OK (Figure 7-173) moved southeastward with the
gust front into a very unstable environment with
strong low-level inflow from the southeast.

Figure 7-171.  Modified Corfidi (2003) technique for estimating the 
motion of downwind -propagating MCSs. Original tech-
nique is red vector on top. For downwind propagating 
systems, simply take the original MBE vector (red) and 
add the mean cloud layer wind (black arrow). Resultant 
arrow (green) is the expected MCS motion of a down-
wind propagating MCS.
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Consequently, with both system-relative conver-
gence and instability present in the downshear
(SE) direction, the gust front led to new cell devel-
opment, and thus, propagation was to the SE.
With cell advection and propagation almost
directly additive, the system accelerated at 50 to
60 knots towards the southeast and produced over
fifty reported mesonet wind gusts of 60 mph or
greater with hundreds of reports of wind damage,
many equivalent to F2 tornado damage (Miller, et
al. 2002).

In these types of situations, there is a high
potential for extreme system motion due to
propagation effects in the downshear direc-
tion. It is thus very important to consider the
direction of greatest system-relative conver-
gence and distribution of surface-based insta-
bility when applying either MBE “Corfidi”
techniques.

Figure 7-172.  Sounding taken from Norman, OK on 28 May 2001 at 0000 UTC. 
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Anticipating Forward
Propagating MCSs

In order to correctly anticipate these type of for-
ward propagating systems, one can analyze fore-
cast hodographs and associated MBE motion
vectors. See the BUFKIT Eta model forecast
sounding for OUN for 0400 UTC 28 May 2001
(Figure 7-174). In the hodograph depiction in the
upper left, the Corfidi vector for forward propagat-
ing systems is shown in red (301 deg @ 65 kts),
which is considerably larger than the result one
would get from just considering cloud bearing
winds and propagation effects from the 850 mb jet.

This case also illustrates the problems associated
with picking the proper depth in which to calculate
a convective steering current, or mean cloud bear-
ing layer. The mean wind should be representative
of observed cell motions and typically, the best

Figure 7-173.  A mosaic radar image for 28 May 2001 at 0000 UTC showing shaded 
reflectivities > 25 dBZ. Overlaid are surface theta-E (solid contours), sur-
face METARS (green).
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layer to use is the mean wind from the LFC to the
EL (note that is the layer used in BUFKIT). Any
analyzed mean wind that doesn't account for
upper levels (due to deep CAPE and high ELs)
may underestimate advection effects.

Also, the original MBE technique (listed in AWIPS
Volume Browser as Corfidi Vectors) assumes the
low-level jet is at 850 mb. Observations at WDTB
has found that invariably selecting this layer
may not be representative of the maximum
inflow to the storm system. In BUFKIT, the user
can manually select the inflow layer at any level
below cloud base if 850 mb winds are not repre-
sentative. Use surface observations or profiler
data to help determine the wind direction that
approximates the low-level inflow to multicell sys-
tems.

Figure 7-174.  A BUFKIT ETA model sounding taken at Norman for 28 May 2001 at 0400 
UTC. The red vector in the hodograph display represents the forward propa-
gating MBE vector. 
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With many multicell systems, there are back-
ward propagation and forward propagation
going on simultaneously. Thus, it is often difficult
to apply one particular technique for an entire sys-
tem during its evolution. Often, forecasters
observe backward propagation during initial
stages of multicell development. Then, with time
as the cold pool strengthens, the system transi-
tions to a fully mature forward propagating system.

For elevated convection, multicell motion is more
complicated. Observations at WDTB suggest that
both MBE vector techniques can work, but modifi-
cations must be made to estimate both the cloud
layer motion and propagation due to inflow above
the surface stable layer.

Boundary Interactions
With Other Boundaries

or Topography

Interactions with topography (Petersen et al.,
1999) and other boundaries (Purdom, 1976; Wil-
son and Schreiber, 1986; Mahoney, 1988;
Fankhauser et al., 1995; Hane et al., 1997; Koch
and Ray, 1997) affect the propagation component
of multicell storms by focusing new convection at
these interaction points. In fact, Mahoney (1988)
derived vertical motions up to 16 m/s (32 kts) as
high as 2 km (6,500 feet) above ground level dur-
ing boundary collisions. In his study, convective
initiation was likely after boundary collisions.
According to Koch and Ray (1997), convection ini-
tiated on more than 50% of all boundary interac-
tions in Colorado and North Carolina for typical
summertime environments in both states (Figure
7-175). 

It follows that a cold pool interacting with other
boundaries may initiate new convection and
become part of the original multicell complex and,
therefore, lead to a propagation vector in the direc-
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tion of the boundary interaction. Intersecting
boundaries frequently ‘anchor’ multicell convection
resulting in heavy rainfall and flash flooding.
Weaver (1979) documented multicell motions in
the presence of boundary triple points. Multicell
storm motions tended to match the motions of the
triple point rather than the convective steering-
layer flow (Figure 7-176).

More Than One 
Propagation Mechanism 
at Same Time

Any combination of these mechanisms may affect
multicell propagation, even on the same multicell
storm. For example, shear/cold pool interactions
may result in a downshear propagation component
on one side of a multicell storm while boundary
interactions on a different side may result in
another propagation component. The effect can be
a splitting of the multicell complex with a downs-
hear and upshear propagation component.

Figure 7-175.  Probabilities of convective initiation directly resulting 
from the interaction of surface boundaries for a typical 
summertime environment based on field studies in Colo-
rado and North Carolina. Adapted from Koch and Ray 
(1997).
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Summary In this lesson, we discussed four considerations
that influence multicell motion. We will summarize
each one below.

The interaction of shear and the cold pool bound-
ary can constructively or destructively interfere
with each other. The side of the cold pool facing
downshear, where environmental and the cold
pool boundary horizontal vorticity is well balanced
potentially creates the largest vertical velocities
with the greatest potential for the LFC to be bro-
ken. A cold pool governed multicell would tend to
favor propagation into its downshear side.

Instead of the RKW balance theory, this consider-
ation depends on strong convergence and sus-
tained uplift over a frontal surface or cold dome in
order to affect multicell motion. Strong conver-
gence and uplift generally favors the side of the
cold pool facing the strongest boundary-relative
low-level winds. Some MCSs propagate at a
speed equal and opposite sign to the low-level jet
speed (-VLLJ). The MBE vector represents the

Figure 7-176.  A plot of steering-layer flow (blue dots), boundary tri-
ple point motions (green dots) and multicell motions (red 
dots) for several events documented by Weaver (1979).
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vector addition of the cloud bearing steering flow
and the -VLLJ. A forward propagating component
also adds the MBE vector to the steering layer
flow.

Multicell convection tends to propagate into insta-
bility maxima provided that lifting along the cold
pool can break any inhibiting layer. Non cold pool
dominated convection would continue to propa-
gate into remaining regions where sufficient insta-
bility and the forcing mechanism coincides.

These boundary interactions also represent any
intersection of two forcing mechanisms for ascent.
Multicells tend to propagate toward any interac-
tions given their propensity to initiate new DMC.
Tracking the motion of boundary interactions pro-
vides good estimates for likely multicell motion.

The mechanisms for multicell motion that we men-
tioned are by no means comprehensive. However,
this is a good starting point for you to consider as
you anticipate their motion.
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Lesson 17:  Rear Inflow Jets in Multicells
IntroductionThe morphology of the rear-inflow jet (RIJ) helps
explain future evolution of a multicell and its poten-
tial to produce severe weather. This lesson
describes the causes of a RIJ, its dynamics,
favored environments, and the different manifesta-
tions of RIJs which impact the potential for severe
weather.

Objectives• Describe the morphology and the influence
of the Rear Inflow Jet (RIJ) on multicells.

Definition of a Rear-
Inflow Jet (RIJ)

An important component of many mesoscale
convective systems (MCSs), particularly the lin-
ear type, is a rear-inflow jet (RIJ). The RIJ is a
mesoscale region of strong winds that originate in
the trailing stratiform rainfall region of a squall line
near the top of the cold pool and are directed
toward the leading edge. The RIJ can either
descend or remain elevated during its transit
to the leading edge. It represents the mature
stage of an MCS and may also signify the begin-
ning of its demise. However, a large number of
squall lines continue to show significant longevity
and severity after the RIJ forms. 

A Brief BackgroundObservational studies, such as Smull and Houze
(1987), suggested that the RIJ may be forced by a
hydrostatically generated low under the trailing
anvil region just behind the leading edge. They
observed numerous examples of long-lived squall
lines with persistent RIJs.

Fovell and Ogura (1988) noted that the strongest
squall lines in their simulations tended to have the
strongest cold pools, which would have led to the
greatest imbalance between the cold pool and
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environmental circulations. Apparently, the theory
proposed by Rotunno et al (1988) needed modifi-
cation to account for this contradiction.

Additional 3-D numerical simulations suggested to
Weisman (1992) that an elevated RIJ toward the
leading edge can restore cold pool circulation bal-
ance with the environmental shear, maintaining
the longevity of a squall line. Elevated RIJs,
according to Weisman (1992), arise when the cir-
culation of the overturning anvil is well matched to
that of the rear of the cold pool. Starting around 4
km AGL, the RIJ horizontally extends to the front
of the squall line and just above the cold pool.
Since the bottom edge of the RIJ resides above
the cold pool, the circulations tend to destructively
interfere with each other. This process diminishes
the strength of the cold pool in terms of circulation
and therefore reduces the dominance of the cold
pool over the environmental shear. Research is
being conducted to support or refute this theory
based on data collected from the Bow Echo and
MCV Experiment (BAMEX). 

While some uncertainty exists as to the relation-
ship between an elevated RIJ and a long-lived
severe squall line, we present further details of the
Weisman (1992) theory to explain the dynamics
and forecasting implications of the RIJ. 

The Dynamics of a Rear
Inflow Jet (RIJ)

To explain the dynamics of the RIJ, we will start
with a mature squall line schematic (Figure 7-177).
As a squall line matures, high-level anvil material
begins to stream from the leading edge into the
rear side of the squall line (represented by the yel-
low trajectory in Figure 7-177). Loaded with small-
and medium-sized hydrometeors that have not
fallen out of the leading edge, the anvil begins to
7 - 296    The Dynamics of a Rear Inflow Jet (RIJ)



Topic 7: Convective Storm Structure and Evolution
precipitate, resulting in the region of trailing strati-
form precipitation. The anvil material is also warm-
ing the upper-troposphere through latent heat
released in the updraft along the leading edge.
This heat acts to hydrostatically lower the pressure
beneath the anvil but above the cold pool (marked
by an ‘L' in Figure 7-177). A hydrostatic high still
exists near ground-level in the cold pool, dominat-
ing any pressure drop caused by anvil material
aloft. In terms of pressure dynamics, the anvil-
induced low induces air to laterally flow in from
both the front and rear sides of the squall line
(arrows to the right and left of ‘L’ in Figure 7-177).
Air begins to flow rear to front, initiating the RIJ.
Presumably, the strongest mid-level low resides
underneath the thickest part of the anvil just
behind the deep updraft forced along the leading
edge of the squall line. Therefore, the RIJ acceler-
ates until it is just behind the updraft. We next dis-
cuss the strength of the acceleration and the
factors that govern the slope of the RIJ.

Figure 7-177.  A cross-sectional diagram of a squall line taken from 
the COMET MCS module (1999). The relevant labels 
include the updraft trajectory (yellow arrow), the mid-
level low (red L), the inflow into the low (red arrows) and 
the cold pool high (blue H).
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Buoyancy Effects on the
Rear Inflow Jet (RIJ)

The strength of the low underneath the anvil
depends on the intensity of the net warming in the
anvil. Looking at Figure 7-178, the squall line
updraft with the greatest positive temperature
excess is the one utilizing the greatest CAPE.
Note the hypothetical sounding profile and the
temperature excess of the updraft parcel to the
environment. The result of higher CAPE is usually
a stronger RIJ. Typically in large CAPE environ-
ments, lapse rates from the surface to mid-levels
tend to be larger, promoting stronger cold pools.

Figure 7-178.  A comparison of hypothetical perturbation hydrostatic 
isobars (red contours) is presented for a high CAPE (top 
panel) and a low CAPE case (bottom panel). The blue 
arrow left of the isobars is intended to illustrate the relative 
magnitude of the rear inflow jet. From the COMET MCS 
module (COMET, 1999).
7 - 298    Buoyancy Effects on the Rear Inflow Jet (RIJ)



Topic 7: Convective Storm Structure and Evolution
From a vorticity argument, a stronger cold
pool circulation to the rear of the squall line
works with a more buoyant anvil aloft to gener-
ate strong mid-level horizontal inflow that
forces the RIJ from the rear of the squall line. 

Shear Effects on the 
Rear Inflow Jet (RIJ)

Given the same buoyancy for updrafts and cold
pools, shear can modulate the intensity of the RIJ.
According to numerical simulations, as shear
increases, the updraft along the leading edge
becomes more erect and stronger. More heat is
pumped into the anvil just behind the leading edge
causing a stronger hydrostatic low in the midlev-
els. The more intense precipitation from the stron-
ger updraft is hypothesized to create a stronger
cold pool as well.

Descending vs. Non-
descending Rear Inflow 
Jets (RIJs)

According to simulations proposed by Weisman
(1992), the longevity of the squall line may depend
on the rear-to-front slope of the RIJ. Although
there may be multiple slopes to the RIJs, there are
two extremes:

1. A descending RIJ

2. A non-descending RIJ

Descending Rear Inflow 
Jet (RIJ)

A descending RIJ occurs when the vorticity gener-
ated just underneath the ascending front-to-rear
updraft is weaker than the vorticity generated of
the opposite sign on the rear edge of the cold
dome. In Figure 7-179, the imbalance between the
two circulations can be seen to help force the RIJ
downward towards the ground prior to reaching
the leading edge of the gust front. The RIJ then
reinforces the vorticity along the leading edge
increasing the imbalance between the cold pool
and environmental vorticity. The squall line is theo-
rized to become increasingly sloped rearward and
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thus weakening. According to simulations by
Weisman (1992), this situation occurs with weak-
ening shear (less than 15 m/s, or 29 kts, over the
lowest several km) or if the environmental CAPE is
less than 1000 J/kg.

Non-descending Rear
Inflow Jets (RIJs)

As CAPE and/or shear increases, the vorticity
underneath the rearward expanding anvil
becomes much larger due to increased buoyancy.
The counter-rotating vorticity along the back edge
of the cold dome does not increase as much. This
situation results in the increased buoyancy-
induced vorticity under the anvil matching the cold
dome vorticity to invoke a more horizontally ori-
ented RIJ (Figure 7-180).

This non-descending RIJ progresses towards the
leading edge of the cold pool with a horizontal vor-
ticity structure that interferes with the spreading
cold pool vorticity near the gust front. Thus, the
strength of the gust front vorticity decreases,
becoming more balanced with the environment,

Figure 7-179.  A schematic of a descending RIJ. From the COMET 
MCS module (COMET, 1999).
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and the updraft retains an upright nature. Squall
lines with a non-descending RIJ tended to live
longer than their descending RIJ counterparts
(Weisman 1992). An example of a non-descend-
ing RIJ is shown in Figure 7-181 and Figure 7-182.

Other Mechanisms that 
Affect the Intensity of the 
Rear Inflow Jet (RIJ) in 
Squall Lines

The role of a non-descending RIJ in squall line lon-
gevity put forth by Weisman (1992) may not ade-
quately explain the longevity of some severe
squall lines in environments exhibiting low values
of 0-3 km shear. Other numerical experiments
(Xue, 2000; Shapiro, 1992; and Coniglio and Sten-
srud, 2001) provide evidence that adding shear in
a layer above the lowest few km in such a way to
yield low gust front-relative storm motion may
allow squall lines to persist longer than predicted
by shear/cold pool balance theory. In addition,
strong synoptic-scale mid-level winds may boost
the initiation time and strength of the RIJ. An
example would be a cold-season, pre-frontal
squall line in the warm sector of a surface extra-
tropical cyclone (Johns, 1993).

Figure 7-180.  Similar to Figure 179 except for a non-descending RIJ 
example. Adapted from Weisman (1992).
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Figure 7-181.  Example of a non-descending rear-inflow jet (RIJ) as 
seen in FSI Base Reflectivity from KDLH on 3 July 2012 
at 0149 UTC.

Figure 7-182.  Example of a non-descending rear-inflow jet (RIJ) as 
seen in FSI Base Velocity from KDLH on 3 July 2012 at 
0149 UTC.
7 - 302    Other Mechanisms that Affect the Intensity of the Rear Inflow Jet (RIJ) in Squall Lines



Topic 7: Convective Storm Structure and Evolution
Impact of Synoptic-scale 
Mid-level Flow

As mentioned earlier, Evans and Doswell (2001)
observed numerous cases of derechos without
high values of either shear or buoyancy. They did
notice a relationship between longevity, mean
steering-layer winds, and low-level, storm-relative
inflow. The latter relationship is likely due to the
fact that derechos move quickly. In addition, strong
RIJs may be the result of dynamics beyond that of
balancing anvil-level buoyancy with cold pool
strength. For example, small amounts of CAPE
are sufficient to vertically mix strong, synoptic-
scale mid-level winds down to the surface yielding
a strong RIJ-like structure. 

Therefore, it is important not only to look for
high values of low-level shear, but also for the
existence of strong, deep-layer shear and
strong, convective, steering-layer flow.

As is often the case, the parameter space in which
long-lived multicell squall lines are observed is
often much larger than simulations suggest. The
RIJ strongly influences the longevity of MCSs, but
there are several other very important environ-
mental and storm scale features that modulate
how long an MCS will survive, as well as how
severe the MCS will become.

SummaryRear Inflow Jets (RIJs) develop underneath a
large anvil canopy as a mid-level low forms in
response to upper-level warming within the anvil.
The more buoyant the anvil, the stronger the mid-
level low becomes.

Two types of RIJs have been documented:

• Descending RIJs typically evolve as the cold
pool forcing exceeds that of the buoyant anvil.
The descent of the RIJ enhances the forward
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motion of the cold pool forcing an increasing
tilt to the convective updrafts along the leading
edge.

• Non-descending RIJs form in an environment
of increasing vertical wind shear. The anvil is
typically more buoyant due to stronger
updrafts. The RIJ forcing is balanced between
the cold pool and anvil. Non-descending RIJs
help to restrain the advance of the cold pool
relative to the motion of the system as a
whole, and a deeper outflow boundary is the
result. MCSs associated with non-descending
RIJs typically survive for longer periods.
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Lesson 18:  Line-End Vortices and Bow Echoes
IntroductionWell-organized, multicell, deep, moist convection
exhibits numerous three-dimensional structures
including line-end vortices, bow echoes, and
mesoscale convective vorticity (MCV) maxima.
Line-end vortices and bow echoes are responsible
for a disproportionately large amount of severe
wind reports, and, therefore, it is important for
warning forecasters to understand their mecha-
nisms and structures. This lesson is an overview
of these structures.

A more comprehensive treatment of Quasi-Linear
Convective Systems (QLCS) is provided in the
Advanced Warning Operations Course Severe
Track (AWOC Severe), which is the follow-on
training to DLOC.

Objectives• Identify the characteristics of bow echoes
and the mechanisms involved in their for-
mation.

Description of 
Line-end Vortices

In the mature phase of a well-organized squall
line, it is not uncommon to observe three-dimen-
sional features, such as elevated Rear-Inflow Jets
(RIJs), line-end vortices, and even supercells.
Line-end vortices (often called bookend vorti-
ces) typically, by definition, evolve at the ends
of the line or at breaks within the line. The
development of these features can alter the sub-
sequent evolution of the system.

In numerical simulations presented in the MCS
module (COMET, 1999), line-end vortices typically
developed between 2-4 hours into the lifetime of
the convective system, just behind the zone of
most active convection. The vortex at the north-
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ern end of the system had cyclonic rotation,
while the vortex at the southern end of the sys-
tem rotated anticyclonically (for a north-south
oriented squall line propagating toward the east in
the Northern Hemisphere; Figure 7-183).

Cyclonic vs. Anticyclonic
Line-end Vortex

The cyclonic vortex at the northern end of line
tends to become stronger and larger than the
southern, anticyclonic vortex (in the northern
Hemisphere). As this occurs, the convective sys-
tem becomes asymmetric, with most of the strati-
form precipitation region found behind the northern
end of the system and the strongest leading-line
convective cells found near the southern end. 

In weak-to-moderate shear environments, the
dominant northern line-end vortex was typi-
cally observed to move rearward with time.
When the ambient shear was strongest and the
system updraft remained erect longest, the line-
end vortices tended to remain closer to the leading
line convection. 

Figure 7-183.  Development of a cyclonic “bookend” vortex in a 
squall line simulation. From the COMET MCS module 
(COMET, 1999).
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In the simulations, the impact of mid-level con-
vergence in the presence of Coriolis forcing
acted to strengthen the northern cyclonic
bookend vortex, but weaken the anticyclonic
bookend vortex with time. The strengthening of
the cyclonic bookend vortex is thought to produce
the symmetric-to-asymmetric evolution that char-
acterizes most long-lived MCSs. 

Mesoscale Convective 
Vortex (MCV)

The dominant cyclonic vortex can last well beyond
the lifetime of the originating convective system
and is often referred to as a Mesoscale Convective
Vortex (MCV). In some cases, MCVs have been
documented to last for several days, helping to
trigger subsequent convective outbreaks.

Line-end Vortices are 
Downdrafts

Since line-end vortices typically develop within the
downdraft portion of the squall line, they are not
usually associated with significant tornadoes.
However, because they can enhance the strength
of the RIJ between the vortices, line-end vortices
are a source of increased downdraft and stronger
surface winds. In this way, they can contribute to
the spin-up of tornadoes at the leading edge of the
system outflow.

The smaller the distance between the line-end
vortices, the more enhancement to the mid-
level flow between vortices, which strengthens
the RIJ (Weisman, 1992). The descent of this
enhanced RIJ to the surface is hypothesized to
produce the extreme surface winds associated
with bow echoes (Figure 7-184). 

Tornadoes from QLCS 
Vortices

Tornadoes that can produce damage up to EF3
scale have been known to occur just to the left
of the maximum wind in an RIJ given enough
low-level helicity and instability in the environ-
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ment. QLCS tornadoes develop by either tilting
negative storm-induced vorticity at the top end
of the cold pool from the storm updraft, and/or
by tilting positive environmental vorticity
downward by the downdraft in the back end of
a bow echo. There are numerous examples of
storm interrogation strategies of QLCS tornadic
mesovortices in AWOC Severe IC 3.

Bow Echoes Fujita (1978) coined the term “bow echo” to
describe the radar presentation of long (20-120 km
or 11-108 nm) bow-shaped systems of convective
cells noted for producing long swaths of strong
surface winds. Bow echoes are typically
observed on radar as an accelerating portion
of a squall line and are usually concave-
shaped. An example of a multicell system with
bow echoes that produced the derecho event on
29 June 2012 is shown Figure 7-185.

Figure 7-184.  Effect of bookend vortices on the strength of an RIJ. 
From COMET (1999).
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Bow echoes often occur from either isolated
storms or within much larger convective systems
(such as squall lines). When a bulge in a thun-
derstorm produces a wave-shaped “kink” in
the line, the radar signature is referred to as a
Line Echo Wave Pattern (LEWP).

Line Echo Wave Patterns 
(LEWPs)

The potential for strong outflow and damaging
straight-line winds increases near the bulge, which
often resembles a bow echo. Severe weather
potential also is increased with storms near the
crest of a LEWP. Many features of bow echo evo-
lution which cause a typical LEWP structure, such
as the rotating comma head and the cyclonic/anti-
cyclonic rotating vortices, are based on the con-
ceptual model from Fujita (1978; Figure 7-186).
Fujita found that the initial echo started as a strong
isolated cell or a small line of cells. The initial cells
then evolved into a symmetric bow-shaped seg-
ment of cells over a period of a couple of hours,
and eventually into a comma-shaped echo over
several hours.

Figure 7-185.  0.5 deg Z image from KLWX on 0248 UTC on 30 June 
2012. Arrows designate location of Rear-Inflow Notches 
(RINs) behind bow echoes. 
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Rear-inflow Notch on
Radar

Another radar characteristic of bow echoes noted
in the simulations and observed in WSR-88D
imagery is the development of the weak echo
notch, sometimes referred to as a Rear-Inflow
Notch (RIN) (also called “weak echo channel”).
The RIN is located well behind the core of the bow
(Figure 7-187), and it often signifies the location of
a strong RIJ. RINs were frequently observed
along the trailing edge of each individual bow-

Figure 7-186.  Conceptual model of a bow echo evolution. Adapted 
from Fujita (1978) and COMET (1999).

Figure 7-187.  Conceptual model of a strong bow echo evolution 
showing bookend vortices and development of a Rear-
Inflow Notch (RIN). From COMET (1999).
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ing segment, signifying a region of evapora-
tively-cooled lower theta-E air being channeled
toward the leading edge of the bow (Przybylin-
ski and Schmocker 1993). 

In large, distinctive bow echoes, multiple RINs can
be observed on radar imagery (Przybylinski,
1995). These RINs may be locations where the
RIJ is descending to the ground. When the RIJ
descends to the ground near the leading edge of
the bow, it can create a swath of damaging surface
winds. Weak tornadoes are often observed just
north of this surface jet core.

Cross-section of Bow 
Echoes

Vertical cross-sections in the core of mature bow
echo simulations (Figure 7-188) revealed a strong,
vertically erect updraft at the leading edge of the
system, a strong, elevated RIJ impinging just
behind the updraft region before descending rap-
idly to the surface, and a system-scale updraft that
turned rapidly rearward aloft, feeding into the strat-
iform precipitation region.

Figure 7-188.  Schematic of a vertical cross-section through a 
mature bow echo. From COMET (1999).
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Supercell Transition to
Bow Echo

Supercells are also observed occasionally within
the larger bow echo structure. In some cases, an
isolated supercell is observed to evolve
directly into a bow echo as the supercell col-
lapses. This type of evolution is typically seen
with HP supercells (Finley et al. 2001) (Figure 7-
189).

Radar Morphologies of
Bow Echoes

Przybylinski and DeCaire (1985) identified four
types of radar reflectivity signatures associated
with derechos (23 cases examined). All of these
types of signatures indicate intense, low-level
reflectivity gradients along the leading edge of
the bow with pronounced RINs and weak echo
channels on the trailing end of the bow.

Bow Echo Propagation Numerical simulations (Weisman, 1993) found
that bow echoes tended to propagate in the
direction of the mean low-level vertical wind
shear vector at a speed influenced by the cold
pool propagation. Since the cold pools in bow
echoes were often exceptionally strong, their prop-
agation speed was often much faster than nearby
convective cells or systems.

Figure 7-189.  Depiction of an evolution of an HP supercell to a bow 
echo (COMET, 1999).
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Bow Echo/Derecho 
Environments

As was discussed earlier in this lesson, severe
bow echoes (such as derechos) are observed to
occur over a wide range of CAPE and shear envi-
ronments. A derecho climatology is shown in Fig-
ure 7-190. Bow echo patterns have been studied
by many researchers, including Johns and Hirt
(1987), Johns (1993), Przybylinski (1995), Ken-
nedy and Rutledge (1995), Davis et al. (2004), and
Atkins et al. (2004). Bow echoes with RIJs are
sometimes associated with derechos. The Johns
and Hirt (1987) definition of derechos is:

1. A concentrated area of convectively induced
wind damage and/or gusts > 50 kts (25 ms-1)
that has a major axis length of at least 250 nm
(463 km).

2. Reports must show a pattern of chronological
progression.

3. At least three reports of convective gusts > 65
kts (33 ms-1) and/or EF1 intensity damage.
These three reports must be separated by 40
nm (74 km) or more.

4. No more than three hours can elapse between
successive wind damage (gust) events.

Figure 7-190.  Derecho climatology (from SPC Web page at 
http://www.spc.noaa.gov/misc/Abt-
Derechos/derechofacts.htm)
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Progressive Derechos During the warm season, development of progres-
sive derechos are common across portions of the
central and eastern United States. These
derechos were defined as short bow echo seg-
ments that move parallel to a quasi-stationary front
in the general direction of the mean flow (Figure 7-
191).

Progressive derecho environments consist of
a strong warm air advection pattern some-
where near the initiation region of the system,
strong 0-6 km mean winds, a large amount of
low-level moisture, sufficient DCAPE, a steep
low- to mid-level lapse rate, and correspond-
ingly high CAPE. Some sort of east-west oriented
boundary is also usually present. A classic exam-
ple of a progressive derecho occurred 29 June
2012, which moved rapidly from the Upper Mid-
west (IA-IL-IN) to the Atlantic Coast, leaving a path
of destruction of damaging winds and downed
power lines. Especially hard hit was the Washing-
ton D.C. metro area, but the extent of the damage
was quite widespread due to the speed and dura-
tion of the system (Figure 7-192).

Figure 7-191.  Two types of Derecho patterns (From SPC).
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Serial DerechosThe serial derecho pattern (Figure 7-191) consists
of an extensive squall line where the angle
between the mean wind and squall line axis is rel-
atively small (Johns and Hirt, 1987). The squall
line typically moves normal to the mean wind at
speeds of 30 kts or less, while the individual
LEWPs and bow echoes move rapidly in the
direction of the mean wind and tend to be most
frequent near the northern end of the line.
Serial derechos may contain supercells because
the patterns which produce these types of
derechos, the so-called “dynamic pattern” (Johns,
1993), are typically associated with a strong,
migrating low pressure system and has many
characteristics of a Great Plains tornado outbreak
pattern. One slight difference in the dynamic bow-
echo synoptic pattern, which actually occurs more
frequently in the fall/winter season, is that the low-
level jet is usually more parallel to the middle and
upper-level jets (Duke and Rogash, 1992).
Because both supercells and severe bow echoes
require strong vertical wind shear, both storm
types often occur in close proximity to one another,
or evolve from one structure to the other.

Figure 7-192.  SPC preliminary Storm Reports for 29 June 2012. 
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Summary This lesson covered a number of three-dimen-
sional multicell structures including line-end vorti-
ces, bow echoes and mesoscale convective
vorticity maxima. 

Line-end vortices typically occur at the ends of
breaks in convective lines with a cyclonic (anticy-
clonic) member on the northern (southern) end of
the breaks. These vortices fall behind (stay with)
the leading edge of a line segment if the shear is
weak (strong). The Coriolis force tends to enhance
(weaken) the cyclonic (anticyclonic) member
should they persist over a long enough period of
time in the northern Hemisphere. Line-end vortices
are typically within downdrafts. However, torna-
does can develop should any of the associated
vorticity manages to phase with the cold pool
boundary.

Bow echoes occur in a wide range of shear and
instability environments, however, they are most
severe when the shear is strong. They often start
with a local maxima in strong updrafts on the cold
pool leading edge, and then a local intensification
of rear inflow. The reflectivity echo deforms from
the enhanced channeling of the rear inflow jet.
Severe bow echoes have upright, slab-like
updrafts with a non-descending rear inflow jet the-
orized to assist in maintaining a balance between
cold pool and shear. Supercells can also evolve
into bow echoes. Bow echoes are the cause of a
majority of the high-end wind reports in derechos.

Derechos are long-lived severe wind events con-
sisting of a series of one or more bow echoes. The
two types of derechos are serial and progressive.
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Lesson 19:  Multicell Severe Wind Detection
IntroductionMulticells can contain individual cell-induced
microbursts, however they also may contain sys-
tem-wide severe winds which exhibit a different set
of precursor signatures due a difference in scale.
An example from the previous lesson is a derecho,
which can last for several hours and travel hun-
dreds of miles. This lesson specifically addresses
detection of multicell wind hazards and associated
radar characteristics of mesoscale severe wind
events, such as those associated with Quasi-Lin-
ear Convective Systems (QLCS).

Objectives• Recognize multicell storm signatures for
monitoring and anticipating damaging
straight line winds.

Severe Wind ClimatologySevere winds, defined as measured > 50 kts or
more at the surface or a report of wind damage
associated with a thunderstorm, are quite common
with multicell storms. In fact, severe convective
winds comprise the great majority of severe
weather “days” east of the Rockies in the course of
a “typical severe weather season” (Figure 7-193
and Figure 7-194).

Storm signatures associated with severe winds
from multicells are typically associated with squall
lines containing supercells and/or bow echoes.
Squall lines can form in a variety of ways (see Fig-
ure 7-195). The structure depends largely on the
shear profile. With weak to moderate shear, the
structure of the multicell complex is typically
absent of bowing structures or line-end vortices.
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These types of squall lines typically exhibit the fol-
lowing characteristics:

1. Leading edge higher reflectivity “convective”
cores

2. Trailing stratiform (low reflectivity) precipitation
region

3. Movement of line with mean winds (advection
dominates)

4. Most reflectivity gradients along the line do not
extend well behind the updraft region

5. Gust front often pushes well out from location of
leading edge convection as updraft weakens

Figure 7-193.  Mean number of severe (> 50 kt) wind days per year 
within 25 miles of a point (1990-2009). Courtesy Harold 
Brooks, National Severe Storms Laboratory.

Figure 7-194.  Mean number of significant severe (> 65 kt) 
wind days per year within 25 miles of a point (1990-
2009). Courtesy Harold Brooks, National Severe Storms 
Laboratory.
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A conceptual plan-view graphic of the structure of
this type of squall line, which can occasionally pro-
duce damaging winds, is shown in Figure 7-196.
Two examples from a squall line that developed
initially in extreme southern Kansas and moved
into northern OK on May 30, 2012 are shown in
Figure 7-197 and Figure 7-198.

In Figure 7-197 (2352 UTC), lifting along the main
line of storm’s updrafts remains reasonably dis-
crete and overall movement is dominated by indi-
vidual cell propagation. Note a discrete, large
storm had developed out ahead of the line just
east of KICT and was moving away from the pri-
mary line to the north of the radar. There was an
outflow boundary extending E-W from the storm to
the middle of the line. In the absence of moderate
to strong shear, the most probable location of
severe weather in this type of multicell structure is
along the gust front (depicted visually by a shelf

Figure 7-195.  Common modes of squall line initiation. Adapted from 
Bluestein and Jain (1985).
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cloud in many instances) or back in one of the
strongest reflectivity cores. Due to weak shear,
storm system flow is typically front to rear in events
such as these (Evans and Doswell, 2001). The
updraft is typically severely sloped to the rear.
These types of structures are often found in the
early stages of multicell line development. As
the multicell transitions to a mature stage, the con-
vective line becomes a near continuous structure
with slab-like lifting along the updraft (see example
in Figure 7-198). 

The warning forecaster should examine four-
dimensional multicell structures, including
lower slices of Base Reflectivity and Base
Velocity, to evaluate the threat of high winds
associated with squall lines. The stronger the
reflectivity gradient along the leading edge, the
stronger the updraft and associated conver-
gence along the gust front. This structure
increases the threat of damaging winds. Also,
if the gust front travels at the same speed as

Figure 7-196.  A schematic reflectivity structure of a narrow squall 
line.
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Figure 7-197.  A 0.5o reflectivity image from KICT of a low to moder-
ate shear squall line.

Figure 7-198.  A 0.5o reflectivity image from KICT of a low to moder-
ate shear squall line with a well-defined gust front and 
emergence of a stratiform precipitation shield.
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the multicell cluster, the boundary-relative flow
maximizes potential for new cell growth as res-
idency time increases for air parcels along the
updraft. 

Figure 7-199 shows a 4-panel radar product
example of a squall line which exhibited different
values of boundary-relative flow along the gust
front. This line was associated with moderate
shear (sounding not shown). The northeastern
quadrant of the squall line kept up with the bound-
ary motion and demonstrated near solid lifting and
intense reflectivity gradients. Note that the reflec-
tivity core is also displaced forward toward the
leading edge and strong reflectivity gradients.
Wind damage occurred in the areas annotated in
Figure 7-199.

Figure 7-199.  Lowest scan 4-panel of products from KICT on 31 May 2012 at 0050 UTC 
depicting a severe squall line. Products shown clockwise from upper left: Z,V, 
CC, and ZDR. 
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The northwestern-most segment of the squall line
featured more discrete cellular lifting and this por-
tion failed to keep up with the gust front. Here, we
also see that reflectivity cores are centrally located
relative to the line and that there is a lack of strong
reflectivity gradients. All of these characteristics
are indicative of non-severe storms. The most
intense wind threat originated from the segment of
the squall line where motion matched boundary
motion and winds of 80 to 100 mph were reported
within the leading edge of the solid reflectivity
core. We will analyze this multicell storm evolution
in more detail in the online lesson.

Weak Echo Region 
(WER)

The existence of a WER (or BWER) in the multi-
cell structure of a QLCS most often indicates an
enhanced potential for damaging surface winds.
Remember that these features are associated with
strong, deep layer wind shear. Figure 7-200 shows
an example of a WER structure from a multicell
from DLH on 2-3 July 2012. Note that the intense
updraft is located along the leading edge of the
line where the mid-level overhang and WER are
located and where the strong low-level reflectivity
gradient is located. Moreover, this line-segment is
also bowing. This case is used in this lesson to
illustrate characteristics of multicell structures
which result when low-level shear is very strong.
Notice these common features are shared by dis-
crete convection and linear convection alike in a
strongly sheared environment. These are “finger
print” signatures, or simply indicators of severe
convection in a sheared environment. The encir-
cled area of strong reflectivity gradient (> 50 dBZ)
coincides well with an area of ZDR > 2 dB above
the tilted updraft of the line. At the time of this
image, numerous trees and power lines were
reported down due to > 60 mph winds in Itasca
County, Minnesota.
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Figure 7-200.  6-panel radar image (0.5o Z, 0.5o ZDR, and 0.5o V in the left column and their correspond-
ing vertical cross sections in the right column along line shown in product to left). Various 
threshold values annotated. From KDLH on 3 July 2012 at 0107 UTC.
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Bow EchoesAs was previously mentioned in the lesson on bow
echoes, they are fast-moving, concave-shaped
echoes that are common inducers of strong mac-
robursts and microbursts. The damaging down-
burst winds can occur in a larger family (e.g.,
derecho) or can result from an isolated storm
along the line. Downburst winds typically
develop along and immediately to the rear of
the accelerating portion of the squall line.
Occasionally, severe winds will persist in the wake
of the leading edge of the line, especially if the low
to mid-level shear is exceptionally strong and the
bookend (mesoscale) vortex detaches from the
QLCS. The strongest winds in most multicells are
typically found near the apex of the bow (Figure 7-
201).

Figure 7-201.   4-Panel of 0.5o Z, V, ZDR, and KDP of a large multicell with a 
bow echo in the LWX CWA from 29 June 2012. 
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MARC Signatures Another radar signature which is often associated
with high winds and tornadic storms is the Mid-Alti-
tude Radial Convergence (MARC) Signature.
Observations of a MARC have been noted by
Schmocker et al. (1996) as a precursor to the
descent of the elevated RIJ. Enhanced velocity
differences (and areas of strong convergence) are
often located just downwind of high reflectivity
cores along the leading edge of the convective line
(Figure 7-202). Persistent areas of MARC greater
than 25 m/s at 3-5 km AGL can sometimes provide
lead time for the first report of wind damage. This
is often before a well-defined bow echo with a
bookend vortex develops. MARC signatures are
often part of a Deep Convergence Zone (DCZ)
found in some intense updrafts (Velocity differ-
ences of 30-55 m/s) in both multicells and super-
cells. 

Summary Multicell wind events arise from system wide circu-
lations that occur on larger scales than individual
downbursts. QLCS is the term that applies to all
multicell systems discussed in this lesson. As
environmental shear and associated system rela-
tive flow increase, so also does the frequency of
severity in QLCS events increase.

Squall lines typically produce the strongest winds
right behind the passage of the gust front, and in
the leading edge of the intense reflectivity cores, in
the strong reflectivity gradient, and at the updraft-
downdraft interface. Storm structures typically tilt
rearward and occur in less mature stages of multi-
cell (mesoscale) systems. As shear increases, the
front to rear flow becomes more balanced with the
descending rear to front flow (Rear-Inflow Jet) and
updrafts become more upright.
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An enhanced wind threat exists if the squall line
features near continuous areas of intense (> 50
dBZ) reflectivity and the gust front remains close to
the leading edge of the intense reflectivity, an indi-
cation of slab-like lifting and severe convection. In
addition, due to very strong low-level shear, some
squall lines feature vertically erect updrafts and as
a result, you may detect an echo overhang result-
ing in a WER at low levels.

We discussed the characteristics of the MARC sig-
nature. The Mid Altitude Radial Convergence
(MARC) is detected via radial velocity data in the
mid-levels (3-5 km AGL) within the intense reflec-
tivity core of a squall line. Look for delta-V at least
50 kts across the convergence axis. Unlike a
MARC of an individual cell, this event occurs along
a deep, vertically-sloped gust front connected to
the ground. The presence of a MARC is a local
precursor signature for an enhanced wind threat.

Figure 7-202.  A 2.4o storm-relative velocity image of a Mid-Altitude Radial Convergence (MARC) zone from 
KCCX on 27 May 2012 at 2030 UTC. The corresponding reflectivity image is on the left. White 
arrows indicate the location of the MARC signature. 
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Bow echoes constitute a majority of the severe
wind threat in QLCSs and exhibit many of the
enhanced wind threat signatures featured in this
lesson.

Remember that individual cell downburst signa-
tures can occur in multicells as well.
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Lesson 20:  Flash Flood Meteorology
IntroductionFlash flood warnings represent the same level of
urgency as tornado warnings. From 1941 to 2010,
there have been more fatalities from flood and
flash flood events than from tornado events.
Therefore, we spend an equivalent amount of
effort in making sure that they are well-reasoned
and accurate. A complication with flash flood
warnings is that the methodology for their consid-
eration involves both meteorological and hydrolog-
ical reasons. This lesson concentrates on the
meteorological side of flash flood signatures from
convective storms.

Objectives• Identify the mesoscale and storm-scale
variables related to precipitation rate and
duration that contribute to the flash flood
potential.

• Identify heavy rainfall using WSR-88D and
Dual-Polarization radar technology.

Flash Flood 
Definition

A flash flood is defined as a life-threatening flood
that rises and falls quite rapidly. Flash floods occur
within six hours of a heavy or excessive rainfall
event, a dam or levee failure, or a sudden rise in
stage associated with an ice jam. For these les-
sons, we will focus on heavy rainfall events.

Factors in 
Producing Heavy 
Rain Potential

There are two considerations in assessing the
heavy rainfall potential. The first is the instanta-
neous precipitation rate, which is a function of
upward moisture flux and precipitation efficiency.
The second consideration for flash flooding is the
precipitation duration. The duration of rainfall
over a given area is dependent upon a number of
factors, including precipitation area, storm motion,
forcing mechanisms, and storm training.
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Precipitation Rate Updraft strength and liquid water content (e.g.,
mixing ratio) entering the updraft are parameters
that contribute to upward moisture flux. The per-
centage of that upward moisture flux that gets
returned as precipitation at ground-level is defined
as precipitation efficiency.

Precipitation Efficiency Given a highly efficient storm, precipitation rates
can easily exceed 4in./hr., even with updrafts too
weak to produce hail. Because it is impossible to
measure precipitation efficiency directly, it is
important to be cognizant of the parameters that
govern how efficient a storm becomes. Determin-
ing the updraft strength, vertical moisture profile,
depth of the warm cloud layer, and cloud seeding
all contribute to the efficiency of a storm. 

Use the Skew-T diagram below, which displays
the average atmospheric profile of flood and flash
flood events (Figure 7-203).

Figure 7-203.  Skew-T diagram of average atmospheric vertical pro-
file of flood and flash flood events.
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Updraft StrengthA long, skinny CAPE profile, generally less than
1000 J/kg, is preferred for the greatest precipita-
tion rates. Larger CAPE values can loft hydrome-
teors into the hail growth zone. However, a strong
enough updraft, such as one in a typical supercell,
can more than compensate for mediocre rainfall
efficiency and produce flash flooding rainfall rates.

Mean Relative Humidity 
and Vertical Moisture 
Profile

Looking at the composite flooding Skew-T (Figure
7-203), the temperature and dew point plot shows
it is moist throughout the vertical profile. Lateral
dry air entrainment and evaporation would be min-
imized, helping to preserve the cloud water con-
tent of the updraft. 

Above normal precipitable water (PW) values are
a good indication of how much liquid water content
is in the atmosphere. Heavy precipitation events
that lead to flooding and flash flooding have values
that are above the 75th percentile and usually
approach the +2 standard deviations and/or the
99th percentile level. Monthly PW climatologies
derived from over 50 years of radiosonde data are
provided at the following location:

http://www.crh.noaa.gov/unr/?n=pw

Warm Cloud Depth and 
Warm Rain Processes

The most efficient pulse storms depend on a deep
layer of warm clouds that supports collision and
coalescence of raindrops (Beard and Ochs, 1993).
The collision and coalescence of hydrometeors in
the warm cloud layer is generally referred to as the
warm rain process. Cold rain processes are domi-
nated by deposition and the Bergeron Process
(the collision of ice crystals). Warm rain processes
become dominant in warm, maritime convection
that has a shallow LCL and a very high freezing
level (Figure 7-204). This region between the LCL
and the freezing level is the warm cloud layer.
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Flash flood producing storms generally occur
when the warm cloud layers exceeds 10 kft. (~3
km.). To calculate the warm cloud layer, you will
first find the LCL height by following the dry adia-
batic lapse rate from the surface temperature and
the saturation mixing ratio from the surface dew
point until they intersect. From the LCL, follow the
moist adiabat up to the freezing level. The differ-
ence in height between the LCL and the freezing
level is the warm cloud layer. 

Cloud Seeding Seeding jump-starts the precipitation production
as updrafts ingest hydrometeor embryos. Intracell
seeding occurs with a favorable method of feeding
hydrometeors to the main updraft(s) by flanking
lines or recycling. Intercell seeding improves pre-
cipitation efficiency as cells share hydrometeors
while the environmental humidity increases. Multi-
cell storms whose updrafts may recycle hydrome-
teors are more efficient than more discrete cells.

Figure 7-204.  Diagram of convection dominated by cold rain pro-
cesses (left) and warm rain processes (right).
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Radar Signatures 
of Storms with 
Warm Cloud 
Microphysics

If the storm is producing much of its rainfall from
warm rain processes, the default Z/R relationship
may underestimate rainfall rate owing to high con-
centrations of small droplets. These storms are
marked by deep warm clouds, little lightning, and
the greatest reflectivity located below the freezing
level. The reflectivity values diminish above the
freezing level and are rather low by the -20oC level
(hail growth zone). Having the greatest reflectivity
below the 0oC level is referred to as a low-echo
centroid (LEC) signature. In addition, the low
centroid reflectivity of these storms may cause the
Z/R relationship to underestimate the rainfall rates
as the 0.5o slice ascends above the LCL (Figure 7-
205).

Figure 7-205.  KMLB four-panel reflectivity of a warm rain process dominated storm at 1821 UTC on 24 May 
2012. The four panels are (clockwise from top left): A) 0.5o, B) 1.5o, C) 4.3o, and D) 7.5o.

Nearest Freezing Level
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Dual-Pol Algorithms with
Warm Rain Processes

With the addition of dual-polarization technology,
new algorithms can help forecasters highlight
areas of greater precipitation rates. For convective
storms dominated by the warm rain process, here
are a range of parameters for each algorithm:

Reflectivity (Z): 50-60 dBZ (40-55 dBZ for tropical
environments)

Differential Reflectivity (ZDR): 2.0-5.0 dB (0.5-
3.0 dB for tropical environments)

Correlation Coefficient (CC): > 0.96

Specific Differential Phase (KDP): > 1.0 deg/km

A cross-section was cut through the reflectivity
core of the LEC storm in shown in Figure 7-206.
Along with the greatest reflectivity values remain-
ing at/below the freezing level, the greatest ZDR
and KDP values also exist below the freezing
level. Also, the CC values will remain high (> 0.98)
throughout the vertical structure of the storm,
especially below the freezing level.

Dual-Pol Algorithms
Related to Heavy Rainfall

and Supercells

Dual-polarization signatures will be different with
supercells since they are mostly dominated by
cold rain processes. However, supercells can pro-
duce very high rain rates, as stated earlier.

Reflectivity (Z): > 55 dBZ (hail/rain mixture)

Differential Reflectivity (ZDR): Can be anything

Correlation Coefficient (CC): > 0.96

Specific Differential Phase (KDP): > 1.0 deg/km
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The reflectivity is high because of the ability of
supercells to produce hail. Because of the hail and
rain mixture, the ZDR values can be anything due
to the hail contamination. Severe hail within the
precipitation core can bring the ZDR to near 0 dB
while water-coated hail can have ZDR values up to
6 dB. CC values will generally be less than 0.96
due to the non-uniform types of precipitation.

KDP values will be greater than 1.0 deg/km. More
extreme values, ranging from 4.0-7.0 deg/km, can
occur where the greatest rainfall rates are occur-
ring, but some values could also be a result of
water coated hail. It is important to note that KDP
values will not display in areas of CC < 0.90.

Figure 7-206.  KOUN cross section through a convective storm that 
produced flash flooding north of Oklahoma City, OK. 
Notice that all reflectivity greater than 35 dBZ is located 
below the -20C level. This is a classic LEC signature.
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Precipitation
Duration

When we refer to the precipitation duration, we are
referring to the residence time of precipitation over
a specific location. The duration of rainfall is a
function of a number of variables, which include
the following:

• Size and shape of the precipitating core

• Storm motion

• Forcing mechanisms (with respect to mean
flow and motion of forcing)

• Training storms

Precipitation Area Storm size (area) is a critical, and measurable
component, to duration of precipitation, and it’s
obvious that larger storms take longer to pass a
point on the ground. The precipitation area refers
to its horizontal dimensions. Therefore, anticipat-
ing the shape of multicell storms and its movement
may require you to understand the source of its
forcing, whether its external forcing or being cold-
pool induced.

Storm Motion:
Steering Layer Flow

Anticipating storm motion is also equally important
in anticipating the transit time for single cell and
multicell convection, and the angle between the
storm motion and a long axis of the forcing and
mean cloud layer winds.

Mean Cloud Layer Flow You may recall techniques for estimating the
motion of basic convective storms (i.e., single
cells, some multicell structures). The mean cloud
layer is generally defined as 850-300 mb, depend-
ing on the atmospheric conditions. You can use
the mean wind in this layer to get a basic under-
standing of storm motion within your regime.
Slower mean flow will lead to slower storm move-
ment, and any values less than 20 kts can help
increase storm duration, depending on storm
mode, precipitation area, and coverage.
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Right/Left Moving 
Supercells

For supercells, you need to worry about the verti-
cal wind profile relative to the hodograph origin. At
least one component of a supercell tends to move
more slowly than the mean winds aloft, thus
increasing the threat, especially if the motion is
less than 20 kts. Given a typical error in anticipat-
ing supercell motion, a 20 kts value may wind up
becoming 10 kts and a much more serious flash
flood threat.

Even though supercells are very inefficient precipi-
tation producers, any supercell, other than low-
precipitation supercells (LPs), can still produce
precipitation rates that exceed one-hour and
three-hour flash flood guidance in most cases.
This is generally because of the large vertical
moisture flux into the storm. Therefore, storm
motion is the most important consideration for
determining the flash flood potential of super-
cells. Recall the Internal Dynamics Method for cal-
culating the motion of right and left moving
supercells from lesson on Supercell Motion and
Dynamics (Figure 7-207). 

Figure 7-207.  Example hodograph with the ID Method applied to it. 
Here, you can see that a supercell moving to the right of 
the mean flow will move to the ENE at 5 kts.
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Storm Motion with Respect
to Forcing

Forcing mechanisms play an integral role in the
development and motion of convection. A forcing
mechanism in this scenario can be defined as any
type of boundary (front, gust front, outflow, etc.) or
a topographic feature (e.g., mountains). How con-
vective storms form and move with respect to the
boundary can determine whether you are dealing
with isolated updrafts or line segments. Recall the
Topic 7 lesson on Multicell Storm Structures and
Evolution where flow perpendicular (parallel) to the
boundary produce isolated (linear) convection.
Slow moving boundaries with linear convection
provide the greatest duration for a general area.

Multicell Storm Motion and
Storm Training

Multicells have a proclivity to produce flash
flooding because of their regenerative nature.
The process of new cell growth (and resulting
propagation) can act to slow down the net move-
ment of a multicell complex by restricting the
effects of advection. Back-building, or “training”
of echoes, typically occurs when the compo-
nent of a system's motion arising from cell
regeneration nearly cancels the effects of
motion attributed to mean steering-layer flow.
Successive cells associated with the multicell
complex can reach maximum intensity and
produce maximum rainfall over the same geo-
graphical area.

Recall how the Mesoscale Beta Element (MBE)
vector, also commonly referred to as the Corfidi
Vector, is derived in the Topic 7 lesson on Multicell
Motion. When the magnitude and direction of the
inverse of the low-level jet is similar to the mean
cloud layer wind, then the forecast MBE vector for
back-building storms and non-cold pool driven
mesoscale convective complexes (MCCs) will be
quite small.
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The individual updraft motion within these MCCs
could have a relatively fast storm motion. How-
ever, if the individual updrafts then move, or “train,”
over the same location due to slow boundary or
complex motion, then you can easily achieve the
adequate precipitation needed for flash flooding.

In the diagram shown in Figure 7-208, assume
that the boundary is associated with an MCC and
is slow moving. The low level flow is focusing
moisture into the boundary (blue line), and areas
where the moisture and lift is maximized is the
region for convective development. The mean
cloud layer flow will suggest that the storms will
move along the boundary. Convective generation
and maturation will continue at the point of mois-
ture focus and lift and along the boundary.

Figure 7-208.  Diagram of training storm along a slow moving boundary as defined by the MBE vector 
method. Individual storm motion is along the boundary at 25 kts.
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Summary A heavy rain threat from convective systems arise
through a combination of heavy rainfall rates and
long duration of those rates. 

Heavy rainfall rate is a function of updraft strength,
moisture content going into the updraft, and the
efficiency of the rainfall production process.

Efficient rain-producing convection typically is
favored in deep, moist environments, modest
updraft strength, a deep, warm cloud layer, and
when intra- or interstorm seeding occurs.

The other meteorological aspect to the flash flood
threat is the duration of precipitation over a spe-
cific area. Duration of rain is a function of the area
of the precipitation, storm motion, and forcing.

We discussed storm motion and the techniques
you need to know in order to estimate supercell
and multicell motion, and when to consider these
storm motions for back-building or training storms.
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Lesson 21:  Flash Flood Hydrology
IntroductionAs mentioned in the previous lesson, the method-
ology for considering flash flood potential requires
the knowledge of meteorological and hyrdological
data. This lesson concentrates on the hydrologic
side of flash flooding, including how it impacts the
flash flood guidance.

Objectives• Identify the hydrologic characteristics that
impact the flash flood potential and flash
flood guidance.

Flash Flood 
Guidance

The flash flood guidance (FFG) is the amount of
rainfall needed within a certain temporal period to
produce rainfall runoff and flash flooding. River
Forecast Centers (RFCs) generally produce FFG
twice a day and for the 1-HR, 3-HR, and 6-HR time
periods. The hydrologic concepts explained in this
lesson will be related back to the FFG used in
operations.

Basin 
Characteristics

The three-dimensional basin characteristics play a
role in how runoff is collected and routed. There
are many levels of basin detail when we talk about
the size of the basin. They can range from the par-
ent basin, or watershed (e.g., the Mississippi River
Basin) to the smallest delineated sub-basins that
compose them. The Pfafstetter Coding System is
a methodology for assigning watershed (basin)
IDs based on the topology of the land surface
(Pfafstetter, 1989). It is a hierarchal system where
watersheds are delineated from junctions on a
river network based on levels. The base level
(Level 1) corresponds to the continental scale
while higher levels (Levels 2, 3, 4, etc.) represent
finer details of the watershed. Flash flood analysis
requires the finest detail possible.
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In the example shown in Figure 7-209 from the
Aberdeen, SD Weather Forecast Office (WFO),
the two-hour precipitation totals (in mm) are shown
for the adjoining Dirty Camp Run and Aber’s
Creek basins. It shows that significant flash flood-
ing occurred in the Dirty Camp Run basin, but not
in the Aber’s Creek basin. However, when you
delineate the Aber’s Creek basin to its sub-basins,
then an area of heavy precipitation and significant
flash flooding occurred in western sub-basin. You
can set the FFMP program to display the greatest
detail possible by selecting “All & Only Small
Basins” under the “Layer” menu.

Terrain Slope The steepness of the terrain can impact how fast
the basins flood and how the runoff can be routed.
For hydrologic purposes, here are the basin char-
acteristics that are dependent upon slope and the
three-dimensional basin characteristics:

Figure 7-209.  Basin delineation for Aber’s Creek (#101) with two-
hour rainfall totals for flash flood event in ABR CWA.
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Lag Time - The time interval from peak rainfall to
peak discharge (response) in the waterways in the
basin.

Time of Concentration - The time it takes from
runoff to travel from the hydraulically most distant
points of the basin to the basin outlet.

Soil Types and Soil 
Infiltration

Morris and Johnson (1967) defined the three basic
soil types based on particle size: Clay, silt, and
sand. Clay has the smallest particles at less than
0.004 mm while particles of sand can be as large
as 2 mm. The porous space between particles
increase as the mean particle size of the soil
increases, and it is this characteristic that deter-
mines the soil infiltration rate. The infiltration rate
is the ability of water to move into the soil from
the surface. 

Knowing the soil type and its properties is a signifi-
cant factor when defining the threshold for rainfall
runoff, and ultimately the FFG. The Richards
Equation states that the infiltration rate of a
soil is proportional to the ease with which
water can move through its pore space. There-
fore, more water can infiltrate a sandy soil than a
clay soil because the sandy soil has much larger
pores between its particles. Thus, it is much more
difficult to have flash flooding in areas that are pri-
marily sandy.

Soil Infiltration During a 
Rainfall Event

It is important to know that the infiltration rate of
a soil is not constant! The infiltration rate of a soil
can change within the first 5-15 minutes of a rain-
fall event. A study by Nassif and Wilson (1975)
compared different rainfall rates (ranging from 3-
12 in./hr.) with various soil types, terrain slope, and
vegetation (grass) coverage to analyze the soil
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infiltration properties. During their experiments,
they found that within the first 5-10 minutes of
applying a simulated rainfall, the infiltration rate
decreased exponentially and began to reach an
equilibrium rate (Figure 7-210) due to the following
reasons:

• Storage of water in the soil

• Particle absorption and swelling

• Percolation

Soil Percolation and Soil
Moisture Content

Percolation describes the general downward flow
of water through a soil matrix, generally based on
gravitational forces. Depending upon soil type and

Figure 7-210.  Change in infiltration rate of standard soil with grass 
surface cover using various instantaneous rainfall rates.
7 - 344    Soil Types and Soil Infiltration



Topic 7: Convective Storm Structure and Evolution
porosity, water can either quickly move through the
top layers of soil or remain within the top layers for
a substantial period of time. The time that it takes
for water to move through the soil matrix is related
to Poiseuille’s Law:

(1)

Poiseuille’s Law states that the volume of water
through the pore length (q) is proportional to the
pore space (R). So, the water can move quickly
through a sandy soil whereas water will need more
time to move through a silt or clay-based soil
because of the porosity.

This is where soil moisture and antecedent precip-
itation become a factor in flash flood guidance and
flash flood forecasting. Understanding the infiltra-
tion and percolation characteristics of the soil
along with knowing how much precipitation fell
before a heavy rainfall event can give you an idea
of the potential for flash flooding.

Land Use and 
Vegetation

Understanding how the land is being used is also
important to flash flood hydrology. Areas domi-
nated by vegetation are less likely to flash flood
than urbanized areas. There are a number of ways
that vegetation helps decrease the flash flood
potential (Figure 7-211), including:

• Canopy intercept (i.e., leaves intercept the
water before it reaches the ground)

• Evapotranspiration from canopy

• Roots increasing infiltration

• Root extraction of water

Did you know that a broad leaf tree can pull 150-
200 gallons of water out of the ground per day?

q R4∝
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Seasonal Variations There are a number of seasonal variations with
soils, water, and vegetation that are considered
when evaluating the flash flood potential, including
the following:

• Active versus dormant vegetation

• Frozen and/or snow-covered ground

• Change in water viscosity and its impact on
infiltration due to temperature

The first two statements are pretty obvious; how-
ever, the third one will require a little bit of an
explanation. A study by Lin et al. (2003) showed
that the viscosity, or “thickness,” of water changed
by approximately 2% per degree Celsius between
15-35oC. This suggests that water can be some-
where around 40% thicker in the winter months
than during the summer months. This means that
cool winter precipitation will be harder to infiltrate
and percolate through the soil matrix.

Figure 7-211.  Diagram of how vegetation impacts the net rainfall that 
reaches the ground and the soil moisture content of the 
ground (from Abbott et al., 1986a)
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UrbanizationUrbanized areas are very prone to flash flooding.
Land that was covered by vegetation is now cov-
ered by concrete. Since concrete is just like rock,
the infiltration rate of concrete is zero; thus, any
precipitation that falls is immediately turned into
runoff. Also, drainage systems that are installed
might be inadequate for handling very large quan-
tities of water. In general, areas that are about
90% urbanized can produce up to 5 1/2 times
more runoff than a completely forested region.

The Manning Equation can be used to relate how
urbanization impacts runoff. The Manning Equa-
tion describes the one-dimensional flow in an open
channel,

(2)

where

• V = velocity

• n = roughness coefficient

• R = hydraulic radius (efficiency of
       the flow)

• S = slope of the water surface

Simplified channels can increase the hydraulic
radius (i.e., the flow efficiency based on cross-sec-
tional shape), which then increases the runoff
velocity. Straightened channels could increase the
slope of the water surface (if the channel is moving
along a topographic gradient), which then
increases the runoff velocity. And paving or clear-
ing a channel can decrease the roughness of the
channel, which also increases the runoff velocity.
Therefore, urbanization increases the volume
of runoff and increases the speed of the runoff;
thus, it creates a higher flash flood potential.

V 1.49
n

---------- Rh
2 3⁄ S1 2⁄⋅( )=
Urbanization   7 - 347



Distance Learning Operations Course
Forcing Flash Flood
Guidance

Typical FFG for an urban area ranges from 0.75 to
2.00 inches per hour. However, urban areas are
not accounted for in the FFG you receive from the
RFCs. In AWIPS, you can force the FFG for basins
within an urban area (see example in Figure 7-
212).

Wildfires and Burn
Scars

Wildfires also create a very negative impact on the
hydrologic factors related to flash flooding. Most, if
not all vegetation is destroyed; thus, the flash flood
potential increase with the area devoid of vegeta-
tion. The bigger impact from these fires come from
the combustion of this organic material.

In large, high-intensity fires, the combustion of
vegetation creates a heavy gas that sinks and
penetrates the soil profile. As the gas cools, it con-
denses and solidifies into a hydrophobic (water-
repelling) waxy coating around the soil particles.

Figure 7-212.  Example of FFG forced to be 1.00 in./hr. for the basins 
impacted by the urbanized areas of Manhattan, KS.
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So, when it rains, the water will infiltrate through
the top layer of soil, which is the burnt surface, a
more sand-like layer that was created by the fire,
and then reaches the hydrophobic layer. Since the
water cannot percolate any further, it will have the
possibility of becoming runoff with a high sediment
yield.

The impacts from these fires are at their greatest
within the first year after the fire and remain for
three to five years afterwards. FFG is greatly com-
promised in the burn scars during this period, and
the FFG is usually set around 0.50 in./hr.

SummarySmaller basins tend to flash flood more easily than
larger basins. Delineating the greatest basin detail
possible can help you identify areas that are more
acceptable to flash flooding.

Soil types influence how rainfall infiltrates the
ground, how water percolates through the soil
matrix, and how it retains moisture. Soil moisture
profiles and antecendent rainfall can impact how
much rain becomes groundwater vs. runoff.

Vegetation can help decrease the potential for
flash flooding by extracting water from the ground
and intercepting rainfall.

Urbanized areas and burn scars have high flash
flood potential and could require offices to force
FFG for these areas in order to adequately fore-
cast flash flooding.
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