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Thunderstorms and extreme events

Textbooks and web sites references for this lecture:
• Cloud dynamics. By Robert A. Houze, Jr. Academic Press 1993. 

Pp. 573.

• Robert McIlveen, Fundamentals of Weather and Climate, Chapman 
& Hall, 1995, ISBN 0-412-41160-1 (§ 11)

• Joseph M. Moran e Michael D. Morgan, Meteorology, The 
Atmosphere and the Science of Weather, Mc Millan College 
Publishing Company, 1994, ISBN 0-02-383341-6 (§ 10)

• James R. Holton, An Introduction to Dynamic Meteorology, 
Academic Press, 1992, ISBN 0-12-354355-X (§ 9.5-9.6)
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Thunderstorms

 Definition: A thunderstorm is a local storm, 
invariably produced by a cumulonimbus cloud, that 
always is accompanied by lightning and thunder.  It 
usually contains strong gusts of wind, heavy rain, 
and sometimes hail. 

 We often use the word "convection" to describe such 
storms in a general manner, though the term 
convection specifically refers to the motion of a fluid 
resulting in the transport and mixing of properties of 
the fluid.  To be more precise, a convective cloud is 
one which owes its vertical development, and 
possibly its origin, to convection (upward air 
currents). 
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Thunderstorms types

http://ww2010.atmos.uiuc.edu/
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The most basic classification includes: 

• Single-cell or air-mass storm Typically last 20-30 minutes. Pulse 
storms can produce severe weather elements such as downbursts, 
hail, some heavy rainfall and occasionally weak tornadoes. 

• Multicell cluster stormMulticell cluster storm A group of cells moving as a single unit, with 
each cell in a different stage of the thunderstorm life cycle. Multicell 
storms can produce moderate size hail, flash floods and weak 
tornadoes. 

• Multicell Line (squall line) Storms consist of a line of storms with a 
continuous, well developed gust front at the leading edge of the line. 
Also known as squall lines, these storms can produce small to 
moderate size hail, occasional flash floods and weak tornadoes. 

• Supercells Defined as a thunderstorm with a rotating updraft, these 
storms can produce strong downbursts, large hail, occasional flash 
floods and weak to violent tornadoes.
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Ordinary or "air-mass“ storm 

Main Characteristics:
 
- Consists of a single cell (updraft/downdraft pair)
- Forms in environment characterized by large - 

conditional instability and weakweak vertical shear
- Vertically erect  built-in self-destruction 
mechanism
- Can produce strong straight-line winds or microburst
- Life cycle is generally < one hour, usually 30-45 min
- These storms form in weakly-forced environments, 
and are driven primary by convective instability rather 
than the ambient winds
- They are some times called "air-mass""air-mass" storm 
because they form within air-masses with more-or-
less horizontal homogeneity
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Storm life cycle

Zajac and Weaver, 2002 

Four-stages conceptual 

model:

1. Cumulus (developing) 

stage

2. Charges separation

3. Mature stage

4. Dissipating stage
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Growth of  a thunderstorm
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Lifting 
Condensation 

Level

Tropopause 
level

       Fair-weather cumulus stage      Cumulus stage                             Mature stage
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Life cycle of a non-severe single cell 
storm in weak wind shear

Radar history of the severe pulse storm – often with larger instability
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•Development of cumulus clouds from ZLCL to the whole 
troposphere; in the region Z≤ ZLCL there is one has γ =γ ad=10°C/Km 
while for Z> ZLCL there is γ =γ aw~6°C/Km 

•The vertical size and lateral dimensions are comparable with each 
other (10-15 Km)

•At the end of this stage, the Cu has been extended to the entire 
troposphere, becoming Tc or Cb; within Cu, Cb or Tc the motion is 
predominantly upwards (W>0)

Cumulus stage

Cumulus congestus        CumulonimbusCumulus congestus        Cumulonimbus
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• The mixture of saturated and not saturated air at 
the top of the cloud produces the vaporization of 
water droplets (or ice crystals)  cooling occurs 
at the top of the cloud  upward motions are 
weakened and downwards motions are 
strengthened

• The falling air column spreads predominantly 
forward; this air mass is turbulent, cold and dry 
and spreads like a miniature cold front (gust 
front, sometimes preceded by cylindrical roll 
clouds, or by long and flat shelf )

Mature stage
• By definition, the storm is at the mature stage when precipitation began

• The drops fall as a result of their weight dragging with themselves the air 
below them, thus triggering of falling air columns ever more intense

• Non-saturated air is drawn from the top (entrainment process )
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• The maximum intensity of the 
thunderstorm is near the end of the mature 
phase

• During the phase most intense, 
precipitation occurs with the largest drops, 
lightning activity is highest and tornadoes 
or funnel clouds are possible

Mature stage

• The maximum cloud height is proportional to the latitude (8-18 
Km), depending on tropopause level; clouds (Cb) assume the 
anvil form due to the divergence at high altitudes caused by the 
tropopause

• At the top of the clouds T~-60/-50 °C  there are prevailingly 
ice crystals in clouds which have fibrous appearance (Ci)
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Dissipation stage

• The area affected by 
precipitation expands to the 
whole area occupied by the 
cloud

• Throughout the whole cloud 
motion is subsident (W <0)

• Subsidence motion causes a 
decrease of RH in the cloud so 
that the droplets vaporize (and 
the ice crystals sublime) and 
the rain ceased; the Cb 
transforms back into Cu or Sc
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Three stages of single-cell storm 
development

Towering stage               Mature Stage         Dissipating Stage
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Severe storms climatology

2009 - 2015
CG lightings



 
A.A. 2015/2016

15

MESOSCALE

Banta and Schaaf, 1986

Dependence on:
- land use and urbanization
- the orography
- the prevailing wind field
- slope flows, valley flows, 
channelling and blockage by 
the various mountain ranges

Hagen et al, 2011
Weckwerth et al, 2011
Haberlie et al, 2015
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Storm daily distribution
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Severe storms climatology

[20:00-12:00 UTC] [12:00-15:00 UTC]

Night-morning Afternoo
n

Evenin
g

[15:00-20:00 UTC]
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Thunderstorm structure

•Mesoscale weather systems, which 
affect for short time limited areas

Produced by strong convective upward 
currents (W> 0)  extended from the 
soil up to the tropopause and evident in 
the Cb clouds

•Thunderstorm: one or more convective 
cells each of which can be in any one 
moment of its life cycle

•Average duration of a storm life is 30-
60 min to several hours

•The longest thunderstorms are formed 
by groups of active cells, each in a 
different moment of its life cycle

•Sometimes the movement of cells within a system of thunderstorms does not coincide with 
the movement of the system itself, so the path of individual cells is unpredictable  the 
areas affected by precipitation and how much precipitation will affect different areas is 
unpredictable
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Thunderstorm birth
• They develop with preference inside warm and humid air masses (tropical or sub-

tropical) unstabilized by unstabilizing factors like:

- uplift

when γ aw< γ  < γ ad , if vertical motions involve the layer Z<ZLCL atmosphere remains stable, but if vertical 
motions involve also the layer Z>ZLCL then the atmosphere become unstable (in these conditions atmosphere is 
said potentially unstable); 

  possible reason for the uplift are:

- presence of fronts

- horizontal convergence

- presence of mountains

- surface heating

- advection of cold air in quote or warm air at 
the surface

Dry adiabat
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Lapse rate considerations

� Vertical profiles for a 
typical sounding in the 
vicinity of an 
extratropical 
thunderstorm of potential 
temperature θ, 
equivalent potential 
temperature θe and 
equivalent temperature 
θe

*

� This sounding is 
conditionally unstable in 
the lower troposphere

Fraction of 
troposphere 
conditionally 

unstable
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Lapse rate considerations
� However, this do not means that 

convection will activate 
spontaneously

� Infact, release of conditional 
instability requires not only that 
∂θe

*/∂z<0 but also parcel 
saturation at the environmental 
temperature of the level where 
convection begin (i.e. parcel 
must reach LFC)

� RH in the BL is normally much 
lower than 100%  vigorous 
vertical motions are required  
strong surface convergence or 
vigorous vertical mixing is 
needed to produce saturation
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Lapse rate considerations
� Amount of ascent necessary 

to raise a parcel at LFC can 
be estimated from figure

� Let suppose a parcel raising 
from z0-δz (surface) to z0 level: 
if this raise is 
pseudoadiabatic, θs=θe will be 
conserved (dashed line)

z0-δz --

z0         --
θe

*(z0)
∗

∗
θs(z0)



 
A.A. 2015/2016

24

Lapse rate considerations
� This quantity (θe) has to be 

compared with the equivalent 
potential temperature θe

*(z0) of 
the environment at level z0 if 
isothermically brought to 
saturation: if θe(z0-δz)>θe

*(z0) 
the parcel will become 
buoyant  instability

� The comparison is done with 
θe

*(z0) and not with θe(z0) as 
the former takes into account 
also the differences due to 
temperature variations 
between two vertical levels 
and not only those for specific 
humidity

z0-δz --

z0         --
θe

*(z0)
∗

θe(z0)
∗
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Lapse rate considerations

� In this figure, θe for a parcel 
raising from about 960 hPa 
intercepts the θe

* curve near 850 
hPa (red dashed line)

� Any parcel raising from above 850 
hPa level will never intercept θe

* 
curve until tropopause, 
indipendently from ascent strength 
(brown dashed line)

� It is for this reason that low-level 
convergence is usually required to 
initiate convective overturning 
over the oceans, or at least very 
wet surfaces

|--
->

|--
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--
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--
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--
--

--
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--
->



 
A.A. 2015/2016

26

Lapse rate considerations
� Infact, only air near surface has 

a sufficient high value of θe to 
become buoyant when it is 
forcibly raised

� Convection over continental 
regions, over the other hand, 
can be initiated without 
significant BL convergence 
since strong surface heating 
can produce significant parcel 
buoyancy, even if sustained 
deep convection requires 
always mean low-level 
moisture convergence
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CAPE (Convective Available Potential 
Energy)

� CAPE provides a measure of the maximum possible 
kinetic energy that a statically unstable parcel can acquire 
(neglecting effects o water vapour and condensed water 
on the buoyancy), assuming that the parcel will ascend 
without mixing with the environment and instantaneously 
adjusts to the local environmental pressure

� Vertical acceleration can be written as:
                                    where b

                                               is the buoyancy

� Integrating vertical acceleration from level of free 
convection zLFC to level of neutral buoyancy zLNB:

B is the maximum kinetic energy per 
unit mass that a buoyant parcel could 
obtain by ascending by zLFC to  zLNB
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CAPE values
� Previous calculations are overestimated due to the 

hypothesis of neglecting contribution of liquid water (liquid 
water reduces kinetic energy because of its negative 
buoyancy)

� In a typical oceanic sounding, parcel temperature excesses of 
1-2 K can occur over a depth of 10-12 Km, giving a typical 
CAPE value of B≈ 500 m2s-2; observed updrafts can be of 5-
10 ms-1 

� In severe storm conditions, parcel temperature excesses can 
reach also 7-10 K, giving  a value of CAPE of B≈ 2300-3000 
m2s-2; observed updrafts can be of 50 ms-1 

� The smaller values of CAPE in the mean tropical environment 
 is the major reason for which updraft velocities in tropical 
cumulonimbus are observed to be much smaller than those in 
midlatitude thunderstorms 
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Entrainment

� The hypothesis of neglecting mixing with environmental 
air (i.e. keep constant θe during ascent) is not true since 
rising saturated air parcels tend to be diluted by entraining 
(or mixing in) some of the relatively dry environmental air

� If environmental air is unsaturated, some of liquid water in 
the rising parcel must be evaporated to maintain 
saturation in the convective cells, as air from the 
environment is entrained

� The evaporative cooling caused by entrainment will 
reduce the buoyancy of the convective parcel (i.e. lower 
its θe): thus, θe in an entraining convective cell will 
decrease with heigth (entrainment will modify vertical 
profiles of all variables whose values are different inside 
and outside cloud)
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Thunderstorm classification
•Thunderstorms due to air mass

they are associated with masses of warm moist air inside the hot zone of the 
extratropical cyclones due to the intense surface heating; they are usually of 
low intensity

•Frontal temporal

they are associated with fronts of cold air that burst into areas occupied by 
subtropical moist hot-air, but sometimes even a warm fronts parallel to the 
front will develop in the presence of very unstable atmosphere, sometimes 
in front of the front itself (squall lines); they are generally very intense, and 
in winter they can produce snowfall

•Convective thunderstorm clusters at the mesoscale

they are groups nearly circular of different thunderstorms covering an area 
about 1,000 times greater than that on a single thunderstorm with medium-
long life (6-24 h) but low speeds (15-30 Km/h) for which they have high-
destructive effects; they are usually not associated with depressions or 
synoptic flows 



 
A.A. 2015/2016

31

Stability indices

Most of the indices describe the stability of the 
atmosphere, as opposed to shear or moisture.

They can be determined by mathematical formulae 
or by plotting on a skew-T log-p diagram.

Most commonly used are: Showalter index, lifted 
index, K index, SWEAT, total totals, CAPE, CIN, 
and equilibrium level pressure. 
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Stability indices

Showalter Index: The Showalter index (Showalter 
1953) is calculated by adiabatically lifting a parcel 
of air at 850 hPa up to 500 hPa. The temperature 
(°C)  the actual environment at 500 hPa is then 
subtracted from the temperature of the theoretical 
parcel. Forecasters have generally looked for a 
small negative number, generally -3°C or less as a 
sign of strong convection.

Lifted Index: The lifted index (Galway 1956) is 
calculated in a similar manner as the Showalter 
index, except that the theoretical parcel near the 
surface has different properties. There are several 
different ways of determining the characteristics of 
this parcel, but the in this study temperature and 
the dewpoint were averaged over the lowest 500 m 
of the sounding. The expected values for the lifted 
index are the same as those of the Showalter 
index. 
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Stability indices

K Index: The K Index (George 1960) is determined 
by using a simple formula

using the temperatures and dew points at different 
levels of the atmosphere.

• KI = (T850 – T500) + TD 850 – 
(T700 – TD 700)

where T is the temperature, TD is the dewpoint, 
and the numbers represent the

pressure level at which each variable is measured. 
A value ≥ 30°C is typically expected for severe 
thunderstorms.

SWEAT: The severe weather threat index, or 
SWEAT (Miller 1972) incorporates

several variables in order to predict tornadoes.

• SWEAT =12(TD 850) + 20(TT - 49) + 
2(F850) + F500 +125(SHEAR)

where TT is the total totals index (see below), F is 
the wind speed (in knots) at the level listed, and 
SHEAR = sin(WD500 – WD850) where WD is the 
wind direction at a particular level. Forecasters 
often interpret a SWEAT ≥ 250 as a sign for severe 
thunderstorms or 400 as an indicator of the 
possibility of tornadoes.

Total Totals: The total totals index (Miller 1972) is 
simply the sum of the cross totals and vertical 
totals, which are quite simple themselves.

• CT = TD 850 – T500
• VT = T850 – T500

A value ≥ 45°C indicates a higher possibility of 
severe thunderstorms. 
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Stability indices

K Index: The K Index (George 1960) is determined 
by using a simple formula

using the temperatures and dew points at different 
levels of the atmosphere.

• KI = (T850 – T500) + TD 850 – 
(T700 – TD 700)

where T is the temperature, TD is the dewpoint, 
and the numbers represent the

pressure level at which each variable is measured. 
A value ≥ 30°C is typically expected for severe 
thunderstorms.

SWEAT: The severe weather threat index, or 
SWEAT (Miller 1972) incorporates

several variables in order to predict tornadoes.

• SWEAT =12(TD 850) + 20(TT - 49) + 
2(F850) + F500 +125(SHEAR)

where TT is the total totals index (see below), F is 
the wind speed (in knots) at the level listed, and 
SHEAR = sin(WD500 – WD850) where WD is the 
wind direction at a particular level. Forecasters 
often interpret a SWEAT ≥ 250 as a sign for severe 
thunderstorms or 400 as an indicator of the 
possibility of tornadoes. 



 
A.A. 2015/2016

35

Thunderstorms and jet streams
•The presence of a middle latitudes jet stream is an important ingredient in the genesis of the 
cells of violent storms (called supercells)

•The jet stream not only tilts the axis of the cloud, but is also responsible for the unstable 
stratification of the atmosphere; in fact, the jet induces alternating convergence and divergence 
in quote; the divergence in quote favors the development of clouds, while the convergence 
fosters downward motions and thus the adiabatic heating for compression of the descending 
currents

•In some areas (e.g. USA) downward motions are contrasted by the presence of low layer 
(<3000 m) jet streams that attracts hot and humid air towards the cloud base; the situation more 
favorable for the development of violent storms is when a depression develops at W, as this 
intensifies the low-layer jet
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Downbursts

• Downward currents of exceptional violence, 
often (but not always) associated with violent 
storms; once reached the soil produces strong 
divergences with the wind spreading radially

• The intensity of the winds are comparable to 
those of the tornado, but the genesis is 
completely different: in the downburst, the air 
does not rotate as in the tornado

• May be accompanied or not by rain, and 
produce damage to plants and also light houses

• They are divided into:

microbursts: R<400 Km, U<270 Km/h, ∆t ~ 10 min

macroburst: R>400 Km, U<210 Km/h, ∆t ~ 30 min

• They are very dangerous for the airplanes 
because of horizontal and vertical wind shear 
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Violent thunderstorms (supercells)
•So defined in the presence of violent effects (destructive winds, hail, lightning)

•In some cases, the downward motion is oblique thus it do not contrasts the upward 
motion that continues to “fuel” the cloud

•In other cases they are associated with frontal systems (squall line) in the area of the 
warm sector but parallel to the cold front; these storms are very fast: ~ 80 Km/h

•In other cases they are associated 
with jet streams which contribute to 
create supercells;

in these cases, the jet curves the 
upward flow and the formation of 
very thick clouds is favored: in fact 
the downward motion triggered by 
the precipitation is not in conflict 
with the upward motion that creates 
the cloud
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Supercell Thunderstorms
� A supercell thunderstorm has a deep rotating updraft (mesocyclone)
� Updraft elements usually merge into the main rotating updraft and then accelerate 

rapidly

� Flanking updrafts "feed" the supercell updraft, rather than compete with it

� Small percentage of all thunderstorms are supercells but they cause the majority of 
damages

– Low Precipitation supercells - high cloud bases, little precipitation, large hail 
and winds more likely than tornadoes; often form along the dryline

– High Precipitation supercells - occurs in very moist air; precipitation often 
wraps around wall cloud and tornado; hard to see except by Doppler radar, 
dangerous to chase (and easy to get dents in car with)

� Classic supercell - in between High and Low Precipitation
� Most of precipitation is separated from updraft region
� To be considered a severe storm, a thunderstorm must have one or more of the 

following characteristics:
– Winds 58 mph (50 knots) or more
– Hail 3/4” in diameter or larger
– Presence of Tornado
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Supercell environment

BRN = CAPE / (0.5 * SHEAR**2)
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Supercell environment

from Joe et al, 2012
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Diagram of a Supercell
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A Look from the SE to a thunderstorm 
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Overshooting Top
� Overshooting top - 

characteristic of a strong 
updraft

� The updraft goes higher than 
the rest of the clouds near it 
(in the anvil)

� Overshoots the tropopause or 
equilibrium level btwn the 
troposphere & stratosphere

� Updraft penetrates 
stratosphere and then is 
forced back down to 
equilibrium level
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Mammatus clouds

� Little puffy clouds extending downward from anvil
� Indication of high turbulence and strong updraft(s) in 

vicinity
� Remember, the harder and more defined cloud features 

are stronger than the soft and less defined features
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Pileus Clouds

� Can form immediately above a growing updraft if it’s 
humid at upper levels

� Don’t be fooled by the soft appearance of pileus - they 
can hide the hard features of the actual updraft
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Anvil

� Strong winds at upper levels usually accompany supercell thunderstorms (they 
help the updraft tilt)

� The winds push the anvil along with them at high speeds (>50 mph)
� In a strong updraft, a small anvil will blow upstream too (called backsheared 

anvil)
� Again, the harder the feature, the stronger the updraft

Tropopause level
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Wall Cloud
� Wall cloud is a region of cloudiness beneath the rotating updraft 

region of a thunderstorm
� Usually slopes toward the rain and hail shaft (bottom of wall cloud 

closer to precip than top)
� Must be rotating for it to be classified as a wall cloud
� Often confused with shelf clouds & scud 

Rain area
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Shelf Cloud
� Usually slopes away from precipitation

– Shelf cloud = feature of outflow 

whereas 
– Wall cloud = feature of inflow
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Beaver’s Tail

Beaver’s tail is just a flanking line of inflow winds 



 
A.A. 2015/2016

50

Hail� Hail can be a very 
destructive force

� Formation
– Starts as frozen raindrop or 

groupel
– Held aloft by 

thunderstorm’s updraft
– Grow from riming or 

supercooled droplets 
freezing to hailstone

Hail
area



 
A.A. 2015/2016

51

Features of Supercells
� Mesocyclone organizes updrafts and downdrafts and keeps 

they separate

– Updraft is slanted downwind (aloft) so hail/rain doesn’t fall 
through it and kill it

� Supercell can last for hours and travel a hundred plus miles; 
often moves to the right of the mean flow - has to do with 
rotation (vorticity) and propagation

� Movement = Advection + Propagation (this simple formula 
applies to pretty much everything in weather)

– advection = just the horizontal transport of the feature (like 
a supercell) along with the winds

– propagation = development of the feature (usually 
happens towards inflow or flanking line in the case of a 
supercell)
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Development of rotation in supercell 
thunderstorms

� Supercell thunderstorms have tendency to develop a rotating 
mesocyclone from an initially non-rotating environment

� Let try to understand this process by neglecting density 
stratification: we can write momentum and continuity equations 
as:

� After a rearrangment, we can write:

� And taking only vertical component, finally we have:

� Notice first that buoyancy (g) do not affects vertical vorticity 
component
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Supercell thunderstorms

� Let suppose now a flow consisting of a single convective 
updraft embedded in a basic state westerly flow that 
depends on z alone: by linearizing:

A=Advection  by  the  basic 
state flow

T=Tilting of horizontal shear 
vorticity  into  the  vertical  by 
differential vertical motion
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Rotation
� Since d<u>/dz is positive, 

the vorticity tendency owing 
to T is >0 to the S of the 
updraft core, and <0 to the N 
of the updraft core

� As a result, a counterrotating 
vortex pair is established: 
cyclonic at the S and 
anticyclonic at the N

� Eventually, development of 
negative buoyancy (owing to 
precipitation loading) 
generates an upperlevel 
downdraft at the position of 
initial updraft, and the storm 
splits: new updraft cores are 
established centered on the 
counterrotating vortex pair



 
A.A. 2015/2016

55

Vortex in supercells

� It is possible (Holton § 9.6.1) to show that, using 
cylindrical coordinates (λ denotes radial direction), the 
pressure perturbation field in the vortices pdyn is:

� There is then a minimum of pressure at each vortex 
center, irrispective of the rotation sense

� The strong midtropospheric rotation induced by vortex 
tube twisting and stretching creates a “centrifugal pump” 
effect, which causes a negative dynamical pressure 
perturbation centered in the vortices in the 
midtroposphere
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Splitting of cells
� This, in turn, produces 

an upward-directed 
dynamical contribution 
to the vertical 
component of the 
pressure-gradient 
force, and thus 
provides an upward 
acceleration, which 
produces updrafts in 
the cores of the 
counterrotating 
vortices

 These updrafts are separated by a downdraft that leads to a 
splitting of the storm and the development of two new centers of 
convection which move to the right and left of the original storm
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Rotation in supercells

� Tilting and stretching of horizontal vorticity associated 
with vertical shear of the basic state wind can account 
for the development of mesoscale rotating supercells

� This process do not appear to be able to produce the 
large vorticities observed in the tornadoes, that often 
accompany supercell thunderstorms

� Numerical simulations suggest that these tend, 
rather, to involve tilting and stratching of especially 
strong horizontal vorticity produced by horizontal 
gradients in buoyancy that occur near the surface 
along the gust front, where negatively buoyant 
outdrafts produced by convective downdrafts meet 
moist warm BL air 
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The right moving storm

� When environmental wind 
shear is unidirectional, 
anticyclonic (left-moving) 
and cyclonic (right moving) 
updraft cores are equally 
favoured

� If the mean flow turns 
anticyclonically with heigth, 
it can happen that this 
directional shear in the 
environment favours the 
right moving storm center 
and inhibits the left moving 
storm center, thus right 
moving storms are 
observed far more than left 
moving storms
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Tornadoes
• A tornado is a small mass of air rotating very rapidly around an axis almost 

vertical; it is made visible by clouds, dust and debris inside it

• Tornadoes have about a funnel shape (funnel clouds)

• The path on the ground varies between 1.5 and 150 Km

• The affected area has a width varying between 100m and 1 Km

• Their duration varies between 1 min and 2 h

• The wind speed can vary between 180 and 513 Km/h

• The speed of the system is 55-240 Km/h or more

• Tornado trajectories are erratic, sometimes discontinuous

• Most tornadoes (~80%) are associated with cells or supercelle storms, 
others with tropical cyclones

• The depression in the center of the tornado can be 100 hPa low (i.e., dp/dx~ 
1 hPa/Km, compared with dp/dx~0.1 hPa/Km at the synoptic scale)

• The influence of the Coriolis force is negligible at these scales, so the 
rotation can be clockwise or anticlockwise (but the former prevails in our 
emisphere)

• Tornadoes form predominantly over flat (lower friction) and dry (higher 
sensible heat flux  higher instability) terrain
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Tornado intensity
• A tornado produced damages for the strong winds and the strong 

upward vertical velocity of the vortex and for the sudden depression

• The intensity of a tornado is measured using the F scale (Fujita, Univ 
Chicago) - F5 tornadoes are extremely rare (in the U.S., ~ 1 over 800)

Scale Category Wind 
(Km/h) 

Damages 

0 65-118 Lifting tiles, breaking windows, 
destroying small trees 

1 

Weak 

119-181 Moderate destruction trees 
2 182-253 High, some victims, raising trees 
3 

Strong 
254-332 Destruction of some houses, 

lifting of (heavy) cars, victims 
4 333-419 Complete destruction of some 

houses, heavy vehicles lifting, 
many victims 

5 

Violent 

420-513 Lifting of whole houses 
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Tornado genesis
• The most intense tornadoes appear in the back part (that usually without rain) of 

a violent thunderstorm, and develop along the strong upward current

• A tornado originates from the interaction between the upward current and the 
synoptic scale flow

• The most favorable conditions for a tornado are when the synoptic-scale flow has 
a vertical shear of horizontal wind very strong both in speed and direction, and in 
particular when the horizontal wind turns clockwise rising at high altitudes, 
because the shear induces rotating motion
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The mesocyclone

• As a consequence, the whole rising air column (radius 10-20 Km) starts to 
rotating around a vertical axis (mesocyclone)

• During its downward 
expansion, the air 
column tends to 
became thin and to 
spiral funneling (for 
reasons not yet clear) 

• Sometimes tornadoes 
form also in proximity 
of the gust fronts, but 
are weak
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Electric discharges
• By definition, a shower is called thunderstorm when accompanied by thunders or lightning

• A lightning or thunderbolt is a bright beam of light produced by a ~ 100 MV electric discharge

• How to produce a 100 MV potential difference? The electric charge in the clouds is produced by ionization; 
usually the Earth's surface is charged negatively with respect to high troposphere

• When a Cb develops, the charges within the cloud separate creating four separate layers alternately charged, 
and inducing negative charge on the land surface

• A leader of a bolt of lightning can travel at speeds of 60,000 m/s (220,000 km/h), and can reach temperatures 
approaching 30,000 °C, hot enough to fuse silica sand into glass channels known as fulgurites which are 
normally hollow and can extend some distance into the ground

• There are some 16 million lightning storms in the world every 
year

• The phenomenon is favored by the very low electrical 
conductivity of the air, and continues until the potential of air 
dielectric breakdown (~ 100 MV) is reached; the lightning can 
affect different clouds, or sub-areas within the same cloud, or 
clouds and land surface

• Recent studies have shown that the separation of charges at the 
top of the cloud would be favored by the friction between the 
small grains of soft hail (graupel) at the initial stage of formation 
and the ice crystals; at low T (<-15 °C) grains charge negatively, 
while in areas of low clouds (where T> -15 °C) the grains charge 
positively;

• The vigorous convective motions contribute to the transport of 
charges in the cloud
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Lightning

•An average bolt of lightning carries an electric current of 40 
kA, and transfers a charge of 5 C and 500 MJ. Large bolts 
of lightning can carry up to 120 kA and 350 C. The voltage 
is proportional to the length of the bolt

•Lightning leader development is not just a matter of the 
dielectric breakdown air, which is about 3 million V/m. The 
ambient electric fields required for lightning leader 
propagation can be one or two orders of magnitude less 
than dielectric breakdown strength

•The potential gradient inside a well-developed return-stroke 
channel is in the order of hundreds of V/m due to intense 
channel ionisation, resulting in a true power output in the 
order of 1 MW/m for a vigorous return stroke current of 100 
kA

•The average power output of a single lightning stroke is 
about 1 TW (1012 W) and it lasts for around 30 µs

•Lightning rapidly heats the air in its immediate vicinity to 
around 20,000 °C (about 3 times the temperature of the 
Sun surface). This compresses the surrounding clear air 
and creates a supersonic shock wave which decays to an 
acoustic wave that is heard as thunder
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Hypotheses for lightning formation
• Electrostatic induction hypothesis

• charges are driven apart by as-yet uncertain processes; 
charge separation requires strong updrafts which carry water 
droplets upward, supercooling them to –10/-20 °C. Water 
droplets collide with ice crystals to form graupel, resulting in a 
slight positive charge being transferred to ice crystals, and a 
slight negative charge to the graupel. Updrafts drive the less 
heavy ice crystals upwards, causing the cloud top to 
accumulate increasing positive charge. Gravity causes the 
heavier negatively charged graupel to fall toward the middle 
and lower portions of the cloud, building up an increasing 
negative charge. Charge separation and accumulation 
continue until the electrical potential becomes sufficient to 
initiate a lightning discharge

• Polarization mechanism hypothesis

• This mechanism has two components:

• Falling droplets of ice and rain become electrically polarized as they Falling droplets of ice and rain become electrically polarized as they 
fall through the Earth's natural electric fieldfall through the Earth's natural electric field

• Colliding ice particles become charged by electrostatic inductionColliding ice particles become charged by electrostatic induction

• There are several additional hypotheses for the origin of 
charge separation. According to one such hypothesis, charge 
separation is initiated by the ionisation of an air molecule by 
an incoming cosmic ray. 
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Leader formation and the return stroke

• An initial bipolar discharge, or path of ionized air (known as leader) starts from a negatively 
charged mixed water and ice region in the thundercloud

• The negatively charged leaders proceed downward in a number of quick jumps (steps). Each 
step is on the order of 15-30 m long, up to 50 m. As it continues to descend, the stepped leader 
may branch into a number of paths. 

• The progression of stepped leaders takes a comparatively long time (hundreds of ms) to 
approach the ground. A relatively small electric current (tens or hundreds of A) is involved, and 
the leader is almost invisible when compared with the subsequent lightning channel

• When a stepped leader approaches the ground, the presence of opposite charges on the ground 
enhances the strength of the electric field, which is strongest on ground-connected objects 
whose tops are closest to the base of the thundercloud, such as trees and tall buildings.

• If the electric field is strong enough, a conductive discharge (positive streamer) can develop 
from these points. As the field increases, the positive streamer may evolve into a hotter, higher 
current leader which eventually connects to the descending stepped leader from the cloud. 

• It is also possible for many streamers to develop from many different objects simultaneously, 
with only one connecting with the leader and forming the main discharge path. When the down 
and up leaders meet, the flow of electric current greatly increases
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Return stroke and discharge

• Once there is a channel of ionized air between 
cloud and ground, this becomes a path of least 
resistance, allowing for a much greater current 
to propagate from the Earth to  the leader into 
the cloud. This return stroke it is the most 
luminous and noticeable part of the lightning 
discharge 

• When the electric field becomes strong enough, 
an electrical discharge (the bolt of lightning) 
occurs within clouds or between clouds and the 
ground

• During the strike, successive portions of air 
become a conductive discharge channel as the 
electrons and positive ions of air molecules are 
pulled away from each other and forced to flow 
in opposite directions
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The thunder
• The electrical discharge rapidly superheats the discharge 

channel to plasma temperatures, causing the air to expand 
rapidly outward from the lightning producing a shock wave 
heard audible as thunder

• Since the sound waves propagate not from a single point 
source but along the length of the lightning's path, the sound 
origin's varying distances from the observer can generate a 
rolling or rumbling effect

• Perception of the sonic characteristics are further complicated 
by factors such as the irregular and possibly branching 
geometry of the lightning channel, by acoustic echoing from 
terrain, and by the typically multiple-stroke characteristic of 
the lightning strike

• Since light speed (~3 108 m/s) is significantly (~106 times) 
greater than sound speed (~340 m/s), an observer can 
approximate the distance to the strike by timing the interval 
between the visible lightning and the audible thunder it 
generates: 

• If ∆X is the distance (in Km) among observer and the stroke 
position, and ∆t the time between the seeing of the stroke and 
the hearing of the thunder, the following approximate relation 
is valid: ∆X = ∆t / 3
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Gamma rays and the runaway breakdown theory

• It has been discovered in the past 15 years that among the 
processes of lightning is some mechanism capable of 
generating gamma rays, which escape the atmosphere and 
are observed by orbiting spacecraft

• A study of scientists from Duke University suggests that this 
gamma radiation fountains upward from starting points at 
surprisingly low altitudes in thunderclouds

• Early hypotheses of this pointed to lightning generating high 
electric fields at altitudes well above the cloud, where the 
thin atmosphere allows gamma rays to easily escape into 
space, known as "relativistic runaway breakdown", similar 
to the way sprites are generated

• Subsequent evidence has suggested that TGFs may be 
produced at the tops of high thunderclouds. 

• Though hindered by atmospheric absorption of the 
escaping gamma rays, these theories do not require the 
exceptionally high electric fields that high altitude theories 
of TGF generation rely on.

• The role of TGFs and their relationship to lightning remains 
a subject of ongoing scientific study.
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Re-strike

• High speed videos show that most lightning strikes 
are made up of multiple individual strokes. A typical 
strike is made of 3 to 4 strokes, even more

• Each re-strike is separated by a relatively large 
amount of time, typically 40 to 50 ms< re-strikes 
can cause a noticeable "strobe light" effect 

• Each successive stroke is preceded by 
intermediate dart leader strokes akin to, but weaker 
than, the initial stepped leader. The stroke usually 
re-uses the discharge channel taken by the 
previous stroke

• The variations in successive discharges are the 
result of smaller regions of charge within the cloud 
being depleted by successive strokes

• The sound of thunder from a lightning strike is 
prolonged by successive strokes
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Types of lightning (1)

• Streak lightning

• most-common: it is just the return stroke

• Cloud-to-ground lightning

• the best known and second most common type; it poses the 
greatest threat to life and property; it is a lightning discharge 
between a cumulonimbus cloud and the ground; it is initiated 
by a leader stroke moving down from the cloud 

• Bead lightning

• type of cloud-to-ground lightning which appears to break up 
into a string of short, bright sections, which last longer than 
the usual discharge channel; it is relatively rare

• Ribbon lightning

• occurs in thunderstorms with high cross winds and multiple 
return strokes; wind blows each successive return stroke 
slightly to one side of the previous return stroke, causing a 
ribbon effect

• Staccato lightning

• cloud to ground lightning strike which is a short-duration 
stroke that appears as a single very bright flash and often 
has considerable branching
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Types of lightning (2)

•Fork lightning

• As cloud-to-ground lightning, refers to its forking nature

•Ground-to-cloud lightning

• lightning discharge between the ground and a cumulonimbus cloud initiated 
by an upward-moving leader stroke. It is much rarer than cloud-to-ground 
lightning

•Cloud-to-cloud lightning

• No contact with the ground, only inter-cloud or intra-cloud (most frequent); 
most common between the upper anvil portion and lower reaches of a given 
thunderstorm; sometimes observed at great distances at night (so-called 
"heat lightning“) (in such instances, the observer may see only a flash of 
light without hearing any thunder); also known as sheet lightning (due to the 
diffuse brightening of the surface of a cloud

•Dry lightning

• In US means lightning with no precipitation at the surface (it is the most 
common natural cause of wildfires)

•Rocket lightning

• form of cloud discharge, generally horizontal and at cloud base, with a 
luminous channel appearing to advance through the air with visually 
resolvable speed, often intermittently; most lightning strikes are made up of 
multiple (3-4) individual strokes
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Types of lightning (3): positive 
lightning

•Positive lightning

• Or high-voltage lightning, or "bolts from the blue", makes up 
less than 5% of all lightning.

• It occurs when the leader forms at the positively charged 
cloud top (i.e. anvil of a Cb): a negatively charged streamer 
issues from the ground, and there is a discharge of positive 
charges to the ground. These usually occur kilometers/miles 
from (and often ahead of) the main storm and will sometimes 
strike without warning on a sunny day (bolt on the blue)

• Positive lightning bolts are typically 6 to 10 times more 
powerful than negative bolts (300 kA), due to the tens of 
thousands of additional metres/feet the strike must travel, 
transfer a charge of up to 300 C, have a potential difference 
up to 1 GV, last around hundreds of ms (10 times longer than 
negative bolts), provoke  a discharge energy of up to 300 GJ, 
and can strike tens of kilometres from the clouds

• Due to their greater power, positive lightning strikes are 
considerably more dangerous, also for aircrafts, who are not 
designed to withstand such strikes (1963 in-flight explosion 
and subsequent crash of Boeing 707 Pan Am Flight 214)

• Positive lightning trigger upper atmosphere lightning. They 
occur more frequently in thundersnow, and at the end of 
thunderstorms
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Types of lightning (4): ball lightning
•Ball lightning

• The physical nature of ball lightning which is still controversial; many descriptions by eyewitnesses but 
rarely recorded by meteorologists; rare photographs and video

• Rare phenomenon, unpredictable; until recently, regarded as a fantasy or a hoax, often regarded as UFO 
sightings

• Luminous, usually spherical objects which vary from pea-sized to several meters in diameter, sometimes 
associated with thunderstorms

• Unlike lightning flashes, ball lightning reportedly lasts many seconds 

• Laboratory experiments have produced effects that are visually similar to reports of ball lightning, but it is 
presently unknown whether these are actually related to any naturally occurring phenomenon

• Ball lightning apparently is created when lightning strikes silicon in soil (by lab experiments) 

• One theory that may account for this wider spectrum of observational evidence is the idea of combustion 
inside the low-velocity region of axisymmetric (spherical) vortex breakdown of a natural vortex (e.g., the 
'Hill's spherical vortex')
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Upper atmospheric lightning

•Sprites

• Large scale electrical discharges occurring high above a Cb, with 
varied visual shapes, named after the mischievous sprite Puck in 
Shakespeare's Midsummer Night's Dream

• Triggered by the discharges of positive lightning between the 
thundercloud and the ground

• Normally colored reddish-orange or greenish-blue, with hanging 
tendrils below, and arcing branches above, their location, and can 
be preceded by a reddish halo; often occur in clusters, lying 80 to 
145 Km above the Earth's surface

•Blue jets

• Projected from the top of the Cb above a thunderstorm, typically in 
a narrow cone, to the lowest levels of the ionosphere (40-48 Km) 
above the Earth, bright er than sprites and blue

• Typical duration: 1 s; speed: 50,000-250,000 m/s

•Elves

• Dim, flattened, red colored expanding glows around 400 Km in 
diameter lasting for 1 ms and occurring in the ionosphere 100 Km 
above the ground over thunderstorms

• Elves is an acronym for Emissions of Light and Very Low 
Frequency Perturbations from Electromagnetic Pulse Sources

• The light is generated by the excitation of nitrogen molecules due to 
collisions with electrons (possibly energized by the electromagnetic 
pulse caused by Ionospheric discharges)
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• Funnel clouds over air are systems 
similar to miniaturized tornadoes 
developing over land surface

• With respect to a tornado, a funnel 
cloud has much less energy, is thinner, 
and lasts less time

• They can be originated by high quote 
mesocyclones, and in any case in the 
upward currents of Cb and Tc

Funnel clouds (1)
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• Funnel clouds can also travel over 
water

Funnel clouds (2)
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