Tornadoes: A Comprehensive
Overview

Definition and Characteristics of Tornadoes

Tornadoes are violently rotating columns of air extending from thunderstorms to the ground.
They are among the most powerful storms on Earth — NOAA notes that “winds of a tornado
may reach 300 mph. Damage paths can be in excess of 1 mile wide and 50 miles long”
weather.gov . A Visible funnel cloud (of condensation, dust and debris) marks a tornado, but
dangerous circulation can exist even when the funnel is not seen. Tornadoes are typically
short-lived (most stay on the ground under 15 minutes) and narrow, though the most

extreme can persist longer and uproot entire communities weathergov weather.gov .

Wind speeds: Strong tornadoes produce winds often in excess of 200—-300 mph

weather.gov .

Damage path: Tornado paths can exceed 1 mile in width and over 50 miles in length

weather.gov .

Duration: Most tornadoes touch down for under 15 minutes weathergov, though major

ones (like the 1925 Tri-State tornado) can last hours nesdisnoaagov .

Tornado Formation

Tornadoes most often form from supercell thunderstorms — intense storms with a deep
rotating updraft (a mesocyclone). Key ingredients include very unstable air (warm, moist air
near the surface overlain by cooler, drier air aloft) and strong vertical wind shear (winds
changing speed or direction with height) siteswpoduedu  nssinosagov. The collision of warm Gulf air
with cooler upper-air masses creates powerful updrafts. As the storm’s rear-flank downdraft
wraps around the updraft, it can concentrate rotation near the ground and spawn

a tornado nssinosagov  siteswpoduedu . HOwever, even after decades of study, meteorologists admit
“we don't fully understand” exactly why some storms produce tornadoes and others do

not nssl.noaa.gov .
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Supercells: Most violent tornadoes arise from rotating supercell thunderstorms with well-
defined mesocyclones nssinoaagov .
Instability + Shear: Tornadic storms require very unstable air (heat+moisture) and
strong vertical wind shear sieswpoduedu . This shear tilts and stretches rotating air, forming

the tornado.

Downdrafts: The storm'’s rear-flank downdraft (cool outflow) helps tighten low-level

rotation, aiding tornadogenesis nss.nosagov .

Uncertainty: Despite these factors, research (including NOAA's VORTEX projects) shows

tornado formation is complex and not fully predictable nssinoaagov .

Tornado Classification (Fujita/Enhanced Fujita Scale)

Tornadoes are rated after the fact based on damage surveys. The Enhanced Fujita (EF) Scale
(in use since 2007) assigns a category from EF0 to EF5 according to estimated 3-second gust
wind speeds and damage indicators weatergov. The table below summarizes the EF Scale (with

original Fujita descriptors):

EFO (Weak): 65-85 mph (105-137 km/h) — Light damage (e.g. broken branches,

shallowrooted trees toppled) weathergov .

EF1 (Weak): 86-110 mph (138-177 km/h) — Moderate damage (roofs peeled, mobile

homes pushed off foundations) weathergov .

EF2 (Strong): 111-135 mph (178-217 km/h) — Considerable damage (roofs torn off

wellconstructed houses, large trees uprooted) weathergov .

EF3 (Strong): 136-165 mph (218-266 km/h) — Severe damage (entire stories of houses

destroyed, trains overturned) weathergov .

EF4 (Violent): 166-200 mph (267-322 km/h) — Devastating damage (well-constructed

homes leveled, cars thrown) weathergov .

EF5 (Violent): >200 mph (>322 km/h) — Incredible damage (strong frame houses

destroyed and swept away, steel-reinforced concrete badly damaged) weathergov .

The EF Scale replaced the original Fujita scale to better align wind estimates with observed
damage weatnergov. (For example, an EF5 tornado is defined as having winds above 200 mph
and causing total destruction westhergov.) Because the EF rating is based on damage indicators,
the official NWS ratings are assigned only after survey, with a EFO to EF5 value used to

compare storms.
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Geographic Distribution and Frequency

Tornadoes are most frequent in North America but occur worldwide. On average about
1,200

tornadoes touch down in the United States each year nssinoaagov nationalgeographic.com , far more
than any other country. The highest U.S. risk is in the central Plains (the so-called “Tornado
Alley”), encompassing states like Texas, Oklahoma, Kansas, and Nebraska. (NOAA cautions

the name “Tornado Alley” is loose — all 50 states have recorded tornadoes nssnosagov, and the

hot zone shifts seasonally from the Southeast in winter to the Plains in spring nssinosagov.)

United States: ~1,200 tornadoes/year nssinoaagov. The central Plains (“Tornado Alley”) see
the highest spring/summer risk nssnoaagov . Secondary hotspot: the Southeast’s “Dixie
Alley” (Mississippi, Alabama, Tennessee, Georgia) especially in cooler months nssincaa.gov .
Tornadoes can occur anywhere and at any time (most U.S. tornadoes occur between 4—

9 pm |Oca|) nssl.noaa.gov .

Elsewhere: Tornadoes have been observed on every continent except Antarctica
nationalgeographiccom . QUtside the U.S., two of the highest tornado concentrations are in
Argentina (central Pampas) and Bangladesh/India nssinosagov . Bangladesh sees several
tornadoes per year, often with high fatalities (e.g. 1989 event killed ~1,300 britannica.com ).

Europe (UK, Germany, Poland, Italy), China, Australia, South Africa, and even New

Zealand (“'ZO/yr) aISO report tornadoes nationalgeographic.com nssl.noaa.gov .

Global tornado counts are lower than in the U.S., but deadly events can still occur. Factors

like population density and shelter quality heavily influence impacts outside Tornado Alley.

Historical Tornado Events

Figure: Path of the 1925 Tri-State Tornado (wide white line) with inset damage photo. The
TriState Tornado carved a 219-mile path through MO-IL—IN on March 18, 1925 nesdisnoaagov,
killing nearly 700 people. This remains the deadliest single tornado in U.S. history.

Tri-State Tornado (1925): On March 18, 1925, a long-lived EF5 tornado tracked 219 miles
across Missouri, lllinois, and Indiana nesdisnosagov . It killed roughly 695-700 people, devastated
multiple towns, and left one-mile-wide swaths of destruction nesdisnosagov. This is the deadliest
tornado on record in U.S. (and likely world) history. No advanced warning systems existed
then, so few could prepare for the mile-wide, multi-hour storm.

Figure: Tornado tracks of the April 3—4, 1974 “Super Outbreak” (148 tornadoes across 13

states). Nearly 300 fatalities occurred in this multi-state outbreak nceinoaagov.
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1974 “Super Outbreak”: From April 3-4, 1974, a historic outbreak of 148 tornadoes struck
13 U.S. states (plus one in Ontario). It included 30 tornadoes rated F4/F5 nceinoaagov. NOAA
reports 335 people were killed and over 6,000 injured in this outbreak nceincaagov, making it
one of the deadliest events ever. Towns like Xenia, OH and Guin, AL were hit by violent F5s,

with almost complete devastation. Total damage exceeded $5 billion (2024 USD) nceinozagov .

May 22, 2011 - Joplin, Missouri: An EF5 tornado tore through Joplin, killing 158
people and injuring over 1,000 weathergov . It Was the deadliest U.S. tornado in over 60
years.

Well-built homes and businesses were completely destroyed block after block weathergov .

April 26, 1989 - Manikganj, Bangladesh: A catastrophic tornado (likely EF5) struck
Bangladesh, killing about 1,300 people britannicacom . It remains the deadliest tornado ever
recorded worldwide. It obliterated entire villages over a 10-mile path britannicacom .

(Bangladesh'’s flat terrain and vulnerable housing make its tornadoes especially lethal.)

These examples illustrate the extreme impacts tornadoes can have on communities — from
historic 1925 U.S. events to recent deadly storms, each caused massive loss of life, injury, and

property damage.

Dangers and Effects

Tornadoes pose severe hazards due to their extreme winds and debris. The combination of

violent winds and airborne debris makes them deadly and destructive weathergov weather.gov .

Key dangers include:

Extreme winds: Tornado winds (often 150-200+ mph, up to ~300 mph) exert enormous

force. Even well-built structures can be leveled, and trees uprooted weathergov weather gov .

Flying debris: Projectiles from the tornado (roof shingles, lumber, vehicles, etc.)
become deadly missiles. NWS notes “flying debris causes most deaths and injuries”

during a tornado weatrergov. Vehicles and large objects are easily tossed or overturned

weather.gov .

Casualties: In intense tornadoes, injuries and deaths can be very high. For example, the
1974 Super Outbreak alone caused 335 fatalities nceinoaagov, and the Joplin EF5 killed 158

weathergov. EVven weaker tornadoes injure dozens and can kill if people are exposed.
Economic damage: Tornadoes routinely inflict billions of dollars in damage. The 1974
outbreak’s losses were ~$5.3 billion (2024 USD) nceincaagov . Individual tornadoes like Joplin
(2011) and Moore, OK (2013) caused several billion each. In 2020-2024, the U.S.
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averaged well over $1 billion per year in tornado damage, reflecting both violent storms

and more structures being built in harm'’s way.

In summary, the greatest threats from tornadoes are the instantaneous wind force and flying
debris. These cause building collapses, vehicle accidents, and massive destruction of

infrastructure, leading to fatalities, injuries, and profound economic l0ss weathergov ncei.noaa.gov -

Detection and Prediction Technology

Modern tornado detection and forecasting combine radar, satellite, modeling, and human
spotting. Significant advances have greatly improved warning times since the mid-20th

century. Key tools include:

Doppler radar: The NWS WSR-88D (NEXRAD) Doppler network is the workhorse of
tornado detection. It detects wind velocity and rotation in storms. Researchers identified
the Tornado Vortex Signature (TVS) — a tight rotation aloft — which strongly indicates a
tornadic storm nssinoaagov. When a TVS or "hook echo” appears, meteorologists issue or

upgrade warnings.

Dual-polarization radar: Newer radars emit both horizontal and vertical pulses,
allowing them to sense debris. Dual-pol can detect random-shaped targets (leaves,
insulation, etc.) lofted by a tornado nssincsagov. A debris signature on radar is a tell-tale

sign a tornado is on the ground, especially useful at night.

Algorithms and ML: Automated detection algorithms (e.g. NSSL's Tornado Detection
Algorithm) continuously scan radar data for rotation. NOAA is developing

machinelearning versions (NTDA) that evaluate multiple storm parameters to give the
probability of a tornado nssinesagov. These tools help forecasters by highlighting suspect

cells.

Satellites: Geostationary satellites (e.g. NOAA’s GOES series) provide high-resolution
imagery of storm development. They track storm clusters over hours or days and can
spot supercell features. For example, GOES-13 imagery was credited with allowing
NOAA to “pinpoint the location of severe storms” during the 2011 Super Outbreak,
aiding lead time nesdisnoaagov .

Storm Spotters & Warnings: Ground spotters (SKYWARN volunteers) report visual

confirmation of tornadoes. Combined with radar, these human reports are crucial. The
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National Weather Service issues Tornado Watches (conditions favorable) and Warnings
(tornado confirmed or imminent) based on these inputs nssincaagov. IN all cases, detection

is a combination of technology and trained observers feeding into warning systems.

Together, these technologies have gradually improved tornado forecasts. Today, warned
storms can have a 10-20 minute lead time on average, up from virtually zero lead time 50
years ago. Research continues on new sensors (e.g. phased-array radars that scan much
faster nssinoaagov) and models (ensemble forecasting, Al nowcasting) to further improve

prediction.

Preparedness and Safety Measures

Before a tornado: Identify your safest location (storm cellar, basement or an interior room

on the lowest floor of a sturdy building). NOAA and FEMA recommend establishing a family
plan and emergency kit. Monitor forecasts: a Tornado Watch means “be prepared,” while a
Tornado Warning means a tornado has been reported or indicated — act immediately

nssl.noaa.gov .

During a tornado: At warning, immediately take shelter in your pre-designated safe place
femagov. Stay away from windows and exterior walls. Protect your head (COVER with

mattress, heavy blankets or helmet). If in a vehicle, do not try to outrun the tornado -

abandon the car and seek low ground or a ditch femagov. Contrary to old advice, do not shelter

under highway overpasses — they actually concentrate wind and debris. Mobile homes

(especially pre-1976) are unsafe; occupants should go to the nearest substantial

bUIIdlng or ditch fema.gov fema.gov .

After a tornado: Remain sheltered until official “all clear.” Then check for injuries and assist
others if safe. Avoid hazards: stay away from downed power lines and keep out of damaged
buildings until they're declared safe femagov. Wear sturdy boots and gloves during cleanup to
protect from nails, broken glass, and debris temagov. Tune in to local alerts for information on

rescue and relief.

In all cases, having multiple ways to receive alerts (NOAA Weather Radio, emergency alerts
on phones, sirens) is key. Practicing your safety plan regularly can significantly increase

survival in a real event fema.gov nssl.noaa.gov .
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Influence of Climate Change on Tornado Patterns

The link between climate change and tornado activity is uncertain. Unlike hurricanes or
heatwaves, tornadoes are small-scale and hard to track over time. Scientists note that global
warming likely increases low-level moisture and instability (fuel for storms) but decreases
vertical wind shear (which helps spin them up) scencecouncilnoaagov . Early research suggested a
“tug-of-war” between these effects. Recent modeling indicates there could be more days in

the future when both instability and shear are sufficient for severe storms scencecouncitnoaa.gov .

However, actual observed trends in tornado frequency have been subtle and confounded by
reporting changes. One NOAA analysis (Gensini and Brooks, 2020) found that, after
accounting for better detection/reporting, the annual number of U.S. tornadoes has
remained roughly constant weanergov. That study did note a possible shift eastward: slightly
fewer tornadoes in the traditional Great Plains “Alley” and more in the Southeast ("Dixie
Alley”) in recent decades weatnergov. It's unclear if that pattern is driven by climate or other

factors.

In summary, current research suggests climate change may alter the environment favoring
tornadoes, but its impact on actual tornado counts or intensities is not proven. NOAA's fact
sheet emphasizes that large uncertainties remain in attributing any tornado trend to
anthropogenic climate change scencecouncinoaagov  sciencecouncilnoaagov . SCientists continue to monitor

severe weather trends as modeling and data improve.

Emerging Research and Future Directions

Ongoing research is pushing the envelope in tornado science and forecasting:

Al and machine learning: NOAA/NSSL and partners are developing Al-driven
forecasting models. For example, the new “"WoFSCast” system uses deep learning to
predict thunderstorm evolution up to two hours ahead insidenssinoaagov . These faster,
automated forecasts could extend tornado warning lead times by analyzing storm data

in seconds.

Advanced radar technologies: Researchers are testing rapid-scan radars (phased-
array) that can update every minute instead of five, to catch storm evolution faster
nssl.noaa.gov .

Mobile Doppler units and dense radar networks aim to probe tornadoes close-up.

Improved algorithms: Enhanced detection algorithms (like NSSL's Tornado Detection

Algorithm update, NTDA) use ML to sift through multi-sensor data and assign tornado
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probability nssineaagov. Ensemble forecasting (using many model runs) and highresolution
simulations (1-3 km grid spacing) are also being used to study tornadogenesis under
varied conditions.

Better climate and seasonal outlooks: Scientists are investigating if climate signals
(ENSO, MJO, decadal patterns) can provide advance warning of active tornado seasons.
Preliminary research suggests some potential skill, but extended tornado outlooks

beyond a week remain h|gh|y uncertain sciencecouncil.noaa.gov .

Social science and resilience: Parallel work focuses on reducing tornado risk via
building codes and public outreach. For example, studies of safe-room designs,
community warning systems, and messaging (how to communicate risk effectively) are

considered part of the future of tornado mitigation.

Together, these efforts — combining cutting-edge technology and deeper understanding of
tornado physics — aim to save lives. In the coming decades, we expect ever more accurate
forecasts, more rapid warning dissemination, and stronger construction standards (e.g.
FEMA/ICC-certified storm shelters) in tornado-prone areas. Emerging tools like drones and

ultra-high-resolution satellites may also play a role in storm monitoring.

Sources: Authoritative information from NOAA/NWS, NASA, National Severe Storms Lab,
FEMA, and scientific literature has been used throughout (e.g. NOAA reports and fact sheets

weather.gov nssl.noaa.gov weather.gov nssl.noaa.gov nesdis.noaa.gov weather.gov ncei.noaa.gov weather.gov nssl.noaa.gov fema.gov sciencecouncil.noaa.gov

inside.nsslnoaa.gov, aMong others) to compile this comprehensive

overview of tornadoes. Each key point is cited to these sources.
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