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Introduction

The thrill of witnessing a tornado on the ground is hard to surpass. Each year thousands of

storm chasers converge on the United Statesd Gr
atmospheric phenomenon. The elements of adventure, awe, and curiosity draw people from all

walks of life to get into their vehicles and travel the desolate expanses of Tornado Alley in

search of severe weather. By reading this guide
chasing andmight be consideringa st or m chasi ng Vvtaleady bookedonef y ou
Someof you may be readingthis guide from the comfort of a Great Plains hotel room or in a

storm chasing vehicle en route to a severe weather target areaWhatever the case may be, this

short crash course is intended to give you better insight into how storm chasing works and

prepar e you f or s o mdseewhiletolt e the fleld. Tige amoynd af eteorology,
technology, and observation that goes into finding tornadoes and severe weather is

tremendous. Advances in each of these fields over the past decade have led to ¢iiner storm

chasing success rates, but in the end Mother Nature has the final say in what kind of weather
youoblDonséete.f orget that tornadoes arendét the onl
for. Hail, violent straight line winds, and otherworldly storm structures are also awe-inspiring

and can sometimes stir the same amount of excit
planning to chase stormswith us soon or have already embarked on your adventure, | hope

that you learn a great deal about how powerful our atmosphere is and witness some

spectacular severe weather. Enjoy this guide and have fun!

Ryan Hoke

Storm Chasing Adventure Tours Guide/Internet Developer

Types of Severe Thunderstorms

The Supercell

Supercell thunderstorms are the most preferred
type of storm for storm chasers in the Great
Plains. This single-celled storm has only one
dominant updraft of moist, feeding air and one
dominant downdraft of cooled air, rain, and
possibly hail. Tde sup¢
cumulonimbus structure makes it easy to
observe and keep up with and its tendency to
rotate makes it the most likely to produce
strong, long-lived tornadoes. Supercellstend to
rotate because the updratft lifts horizontally
rotating air (a property known as vorticity) into
a vertical column so that the axis of rotation is
perpendicular to the ground. This rotating updraft of air is called a mesocyclone andis a
precursor to the development of a tornado. Supercells typically move from southwest to
northeast, but there are exceptions to this caused byabnormal wind direction and when a
supercell splits into two separate storms.




Wind shear allows the downdraft of this storm to be blown away from the updraft, which
lengthens its lifespan considerably and differentiates it from standard airmass and pulse
thunderstorms. T h e s u p min-free Updréftsbase is easily seen in most cases in the Great
Plains of the US, but there are instances when rain can wrap around and obscure it. The
visibility of this updraft base is crucial because that is generally where tornadoes form. There
are three classes of supercell thunderstorms:Low Precipitation (LP) , Classic , and High
Precipitation  (HP) . In a Low Precipitation (LP) supercell, the amount of rain that falls from
the downdraft is minimal and the updraft base and other structure of the storm are clearly
visible. LP supercells are great for storm chasing because of their visibility. Classic supercells
have a much more balanced look because they appear to have equal areas of raiinee updraft
space and rain-filled downdraft space. A High Precipitation supercell is the most difficult
categoryto chase because the core of the rain and possibly haifilled downdraft can wrap
around the rain -free updraft base. This makes any additional development such as a funnel
cloud or tornado very difficult to see. Supercells can either be one of the aforementioned types
or morph into any or all of them during the different developmental stages ofthe storm.

Supercells have a few main components that are identifiable on Doppler radar:

Hook Echo : An easily
identifiable vis
radar that indicates where the
rising updraft of the supercell
meets therear flank downdratft,

or the secondary downdraft of air
that channels rain and hail
around the north and west side of
the storm. The tip of this hook
shape is generally where you
would find tornadoes.

Inflow Notch  : The inner
eastern (right) side of the hook

Forward Flank Downdraft

echo where warm, moist air is sucked into updraft of the storm.

Forward Flank  Downdraft /Anvil : The right side of a supercellthat tends to fan out on
radar is the spreading anvil cloud that drifts away from the main core of a supercell. This area
contains the powerful primary downdraft that produces heavy rain and in somecases very
large hail. The storm can taper off on the right side of this feature in a v-shaped fashion, which
is called a \-notch.



Mesoscale Convective System (MCS)

A mesoscale convective systenfor
squall line) differs from a supercell
in that it is made up of multiple
updrafts and downdrafts in
different stages of development
a b P A7 and is usually linear in shape. The
. TR G cooled air from the interconnected
b i ee— - | 9| downdrafts forms a cold pool on
P N, % | |/ { | thebackside of the system. The
\ A i -0 | descending air in this cold pool
LXY7 0 200, IDAY MAY 2, 2008| Pushes the entire linear system
hic 7 R | forward and can lead to the
b B |1 development of a wind-driven bow
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echo, or an MCS that has gains a

bowing, arc shape on radar and

_ : , ] produces intense straight-line

Image Credit: NWS WFO Kansas City/Pleasant Hill, MO winds. Tornadoes canform within

http:/www.crh.noaa.gov/eax mesoscale convective system where

small notches in the linear shape of

the system allow eddies of air to circulate. MCSspawned tornadoes are usually shortlived and

not terribly strong, but nevertheless can produce significant damage. It is very difficult to chase

tornadoes in an MCS because chasers must either travel to the southern tip of the system

where broken supercells can occur( i T-Bm i C h aorldok fer étfponger portions of the

system that have rotation.
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The visual tell-tale sign of a mesoscale
convective system isthe appearance of a
shelf cloud, which is a type of arcus cloud.
This phenomenon is caused by
undercutting of the warm inflow of the
system by cold outflow air from the rear.
The shelf cloud usually delineates the
gust front  of the storm, or the sharp
boundary of intense wind and cold air

that precedes an MCS.Gust fronts can
sometimes be just as dangerous as
tornadoes because of the incredible straight-line winds they produce.

Tornadoes

The most sought-after component of severe weather for storm chasers is without a doubt the
tornado. While this phenomenon is both feared and revered by people around the world, it is a
relatively rare occurrence since only 30% or less of supercells produce torndoes.?! Both
supercells and MCStype severe storms can produce tornadoes as previously mentioned, but
the supercell is a better candidate for strong tornado production due to its longevity and
inherent rotational characteristics. The exact reasons behind why some supercells produce

L NWS Louisville: Supercell Structure and Dynamigs//www.crh.noaa.gov/Imk/soo/docu/supercell.php



tornadoes and why ot her s @iemtbese uacermintiesymoste nt | y un
tornadoes do form underneath awall cloud , or a compact, rotating cloud that hangs down
from the larger rain -free base underneath the mesoscylone.

It is well -known that the United States has the most tornadoes of any country in the world. The
Great Plains in the center of the country plays a key role in this because it is a wide,
uninterrupted ex panse of flat land that allows cold, dry air masses from Canada to meet with
warm, moist air masses from the Gulf of Mexico. This meeting of the two types of air masses in
the spring generates severe weather and I

the best conditions for tornado
development. The Southern region of the
United States also experiences quite a few
tornadoes, but the amount of thick
vegetation and hill-laden topography

makes it extremely difficult to chase them.
The Great Plainsdé no
in the spring has led to its nickname of
Tornado Alley , which is commonly used
in the media and colloquially among
residents of the US.
see a map of the most current area
defined as ATornado — v

Changed Slightly over the years due to new Image Credit: Tarp, Keli - Clues from Climatology: When and Where Do

. Tornadoes Occur?
researchand statistics. http://lwww.research.noaa.gov/spotlite/archive/spot_climatology.html

It is important to know the exact

definition of a tornado before trying to visual
violently destructive windstorm occurring over land characterized by a funnel -shaped cloud
extendingtoward t h e g2Particulad emphasis should be placed on the phrase
fextending toward the gr oun duoneloleudsa yvghehaneany peop

Funnel Cloud Tornado with Debris Cloud Tornado with Visible Funnel

2 http://wordnetweb.princeton.edu/perl/webwn?s=tornado



essentially the early stages of tornadoes that
tornadoes. For a funnel cloud to be considered a tornadoit must extend all the way to the

ground or a visible disturbance of dust called a debris cloud must be present. Tornadoes that

have debris clouds under them, but do not have a funnel that reaches all the way to tke ground
simply dondét have the right conditi ontscrebtea wat e
visible funnel. On the previouspagey ou o6l I fi nd some examples of fu
tornadoes without funnels reaching the ground.

Tornadoes in the United States are classified by theEnhanced Fujita Scale (EF)  , which is

an update to the original Fujita Scal-CGtoEé&vi sed
with ascending tornado intensity, but the rating assigned to a specific tornado does not come

from a measured or estimated wind speed as commonly thought. Instead, the National

Weather Service assigns ratings to tornadoes based on damage surveys conducted by engineers

and meteorologists. The EF rating assigned to a tornado fom a damage survey contains an

estimated wind speed, but again, measuring the actual wind speed of a tornado is nearly

i mpossible without the correct molkhattadthe adar e qu
Enhanced Fujita Scale and the damage associated ith each rating.

Rating | Wind Speed (mph) | Wind Speed (km/h) Damage
Minor or no damage. Peels surface off some roofs;
EFO 651 85 1051 137 some damage to gutters or siding; branches broken off

trees; shallow-rooted trees pushed over.
Moderate damage. Roofs severely stripped; mobile
EF1 86i 110 1381 178 homes overturned or badly damaged; loss of exterior
doors; windows and other glass broken.
Considerable damage. Roofs torn off well-constructed
houses; foundations of frame homes shifted; mobile
EF2 1117 135 1791 218 homes completely destroyed; large trees snapped or
uprooted; light-object missiles generated; cars lifted off
ground.
Severe damage. Entire stories of well-constructed
houses destroyed; severe damage to large buildings
1361 165 21971 266 such as shopping malls; trains overturned; trees
debarked; heavy cars lifted off the ground and thrown;
structures with weak foundations are badly damaged.
Extreme damage. Well-constructed and whole frame
1661 200 2671 322 houses completely leveled; cars and other large objects
thrown and small missiles generated.
Total Destruction. Strong framed, well built houses
~200 >322 leveled off foundations and swept away; steel-reinforced
concrete structures are critically damaged; tall buildings
collapse or have severe structural deformations.

Source: Storm Prediction Center http://www.spc.noaa.gov/efscale/ef-scale.html

Hall

Hail is a particularly hazardous form of precipitation that originates from severe

thunderstorms and we aker storms in high elevations. These irregular lumps or stones of ice
range in size from peas to grapefruits and in some cases even larger. Hail with diameter of one
inch (2.5 cm) and greater is considered severe and has the ability to cause severe damage
crops, vehicles, animals, and even permanentman-made structures. The formation of hail



focuses mainly on theanvil portion (or top) of a
thunderstorm, where liquid water freezes on
contact with particles (nuclei) to initiate hail
formation. The strong updraft of a severe
thunderstorm prevents the forming hail stones
from falling until they

at which the updraft can no longer support their
continued circulation around the storm. This
convective circulation of developing hail stones
from the top to bottom of a storm and back again
causes melting and refreezing. This process gives

Hail too large
for cloud to hold
falls to earth
causing strong
cold downdraft
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Hail Formation

Hail growing in circulating
convection currents
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Freezing Level

hail its distinctive white coloring and concentric
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Rain drops being sucked
into the updraft

the main Ahail coreo of
produce baseballsize hail stones. Damaged or broken
windshields, vehicle body damage, and even bodily
harm can occur if a storm chaser is nad mindful about
their location relative to the hail core. Usually, a
majority of hail falls inside of the main downdraft of
rain and cold air, so it is relatively easy to identify and
avoid that portion of the storm. The problem is that
the edge of this hal-prone area of a supercell lies
right next to the rain -free updraft base where
tornadoes form. As long as a storm chaseris aware of
their location relative to these features and moves
accordingly, the risk of hail damage remains low.

The table on the right has a comparison of hail sizes
and common objects, along with the updraft wind

speed needed to produce
worth noting that the us
hail is slightly amb iguous because marbles tend to
come in all shapes and s

like a coin or other specific item to compare hail size
to in order not to confuse the recipient of th e hall
description.
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Image Credit: NC State i Severe Weather Hazards
http://lwww.nc-climate.ncsu.edu/edu/k12/.SevereWeather

ring pattern when an individual stone is cut
in half.

In regard to storm chasing, hail makes
intercepting a supercell thunderstorm more
cumbersome because of avoidance measures
that have to be taken. Getting caught under

thunderstorm can
<1/4 =064 =24 <39
pea 1/4 0.64 24 39
marble 112 1.3 35 56
dime 710 18 38 61
penny 34 1.9 40 64
nickel 718 22 46 74
quarter 1 25 49 79
half dollar 11/4 32 54 87
walnut 112 38 60 97
golf ball 13/4 44 64 103
hen egg 2 5.1 69 111
a kednisbanf 2@ ee£r traim |s
Ob;seba'il h %3/4t @d Mgy A Mgy b
z etesal ‘.:uP, 36 S 7'Gb e 8sd't 1%50
grapefruit 4 10.1 98 158
softball 412 114 103 166

Image Credit: The National Weather Service
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Severe Weather Ingredients

Severe weather reuires the gathering of multiple atmospheric ingredients in just the right

way. While there are many variables that go into the genesis of severe storms, the chief of these
are instability, lift, moisture, and shear. In the Great Plains of the United States, the right
amounts of theseingredients usually come together in the spring and sometimes early summer
to form severe thunderstorms and tornadoes.

Instability

Atmospheric instability is characterized as an
air parcel 6s tendency
the atmosphere to a higher level.For this to
happen, the air parcel (usually near ground
level) needs to be warmer than the air above it.
Since warmer air is less dense than cooler air,
this parcel is allowed to rise to a level where the
air is the same temperature or until it cools to
reach the surrounding air temperature at a
certain altitude. While this parcel rises and
cools, the moisture contained in it condenses
and forms a cloud. Greater instability can build
clouds that reach higher altitude, which is
essential for developing the towering
cumulonimbus cloud that makes up a supercell
thunderstorm. f

| eve

Rising air parcels condense in cooler air.
Surface

Even if a layer of air near the surface is very
warm and full of moisture, sometimes it does
not rise due to acapping inversion , which is
the presence of a warmer layer of air above it.
This warmer layer above the surface can be
overcome by solar heating of the surface, which
in turn heats up the layer of air just under the
cap. Once the surface air mass surpasses the
temperatureof t he fAcappingo | ay
proceed to rise. Sometimes a capping inversion
is so strong that it does not allow any air
parcels to rise, thus not allowing thunderstorms
to form. Ironically, a capping inversion is
_ actually essential to severe weatheroutbreaks.
Warm Layer of Air | Thjs limiting layer of air acts as a filter that
Rising air limited by capping layer above. allows air parcels with very strong upward

motion (instability) to punch through while
suppressing parcels that d
upward momentum to make it through this layer. This limits the nu mber of storms that form,

which means each individual storm has more resources to work with because the number of
surrounding thunderstorms is limited. The lack of surrounding thunderstorms prevents

I Warm Layer of Air

Warmer Layer of Air (The “Cap”)




contamination of the updraft for an individual supercell storm and allows it to grow to a
greater strength and size.

The amount of instability present in an air mass is measured as CAPE (Convective Available
Potential Energy). CAPE values above 1500 J/kg are regarded as conducive to severe weather
and supercell formation, but most significant severe weather outbreaks in the Great Plains
occur when CAPE values surpass 2000 J/kg. Instability alone is not enough to make severe
weather, but sometimes the lack of instability can be made up for by other elements like lift

and shear.

Lift

For thunderstorms to form there needs to be a
triggering lift mechanism that begins the

upward motion of air parcels. There are a host of
different phenomena that contribute to lift, but
the main sources that storm chasers look for are
fronts, outflow boundaries, and orographic lift .
Fronts are fairly simple sources of lift b ecause
they are easy to find on a map and span many
hundreds of miles. A cold front is usually the
trigger for more widespread severe weather
outbreaks because of its strong division between
cold air from the north and west with warmer,
moister air to the south and east. The dense cold Dapariosrief Aomiart o
air behind this front creates lift as it displace s Spiersity of T s 4% Dbtans ChATR o
warmer, less dense air upward.A cold front Ik\rTt]t?)g:gl‘lac(i:r::?sdsl.ts:sec.wisc.edu/oakfield/cyclone.htm
branches off of the southern portion of an area of

low pressure, or mid -latitude cyclone, to which a warm front lies to the east.

UL \_5

Warm fronts can also act as lift
mechanisms for storms, but generally they
do not have the right winds, moisture

flow, and temperatures to produce severe
weather. A dry line is another type of front
that storm chasers generally look for when
forecasting storms. While this feature may
not have the word Afront
shares quite a few things in common with
a front. A dry line is simply the boundary
between moist air to the east and dry air to
the west, which is sometimes called a
Aidewpoi nS&oirfstead oft 0 .
temperature being the dividing factor as a
standard front has, the dry line divides air
of different moisture content (dewpoint).
Asthe dry line moves eastward during the
daytime, the dry air behind the line wedges under themoister air to the east and thus creates
lift for thunderstorm formation. This feature is commonly found in Texas, Oklahoma, and

Image Credit: National Severe Storms Laboratory
http://www.nssl.noaa.gov/news/may3rd/satellite.html



Kansas and is often the focus for the formation of supercell thunderstorms, either isolated or
scattered.

In combination with the more widespread lift
mechanisms of fronts and the dry line, smaller
sources of lift like outflow boundaries act as
immediate triggers for storm development. An
outflow boundary s the division between the
cold outflow from a thunderstorm and t he
surrounding air. These small areas of advancing
rain-cooled air act as lift mechanisms that can
trigger a thunderstorm when all the other
ingredients are in placegeg. Often youodll see|the
convergence or collision of outflow boundaries,
which usually results in the formation of a
thunderstorm where this takes place because of
the enhanced lift generated by this event.
Detecting outflow boundaries on radar requires a keen eye because of how subtle they can be,
but the availability of higher -resolution radar data over the past few years has made this easier.
When all other ingredients are in place, outflow boundaries act as a fantastic source of isolated
lift for the formation of supercell thunderstorms.

Finally, the other major source of lift involved in severe thund erstorm development is

orographic, or upslope flow . This is a relatively simple source of lift because it involves air

rushing up the eastern slopes of the Rocky Mountains. This mainly occurs on the gently sloping
grasslands of Eastern Colorado, which often serves as a reliable zone for storm development

because of the alwayspresent source of liftt Ups| ope fl ow thunderstor ms
their severity as storms generated by the dry line and cold fronts, but they are very capable of

producing torna does and even more so producing hail because of the increased elevations.

Shear / Winds

For severe weather to develop, winds at different levels of the atmosphere must have differing

speeds and directions. This property known aswind shear is crucial because it dictates how

long a storm will last and what kind of rotational characteristics it will have. For most severe

weather setups in the Great Plains, winds at the surface need to be out of the southeastr east

while winds aloft at 500mb (18,000ft or 5,500m) need to come from the southwest. The winds

at 500mb usually fisteerodo the storms that for m,
from southwest to northeast. This change in wind direction with height, also known as helicity,

is also important because it blows the anvil and downdraft of a supercell away from the updraft

base where tornadoes form.
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