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ground underneath the thundercloud (e.g. plants) and is trans-
ported upwards by the wind.
If the space charge densities, which happen to be present 
in a thundercloud, produce local field strengths of several  
100 kV/m, leader discharges are formed which initiate a light-
ning discharge. Cloud-to-cloud flashes result in charge neu-
tralisation between positive and negative cloud charge centres 
and do not directly strike objects on the ground in the process. 
The lightning electromagnetic impulses (LEMP) they radiate 
must be taken into consideration, however, because they en-
danger electrical and electronic systems.
Flashes to earth lead to a neutralisation of charge between the 
cloud charges and the electrostatic charges on the ground. We 
distinguish between two types of lightning flashes to earth:

 ¨ Downward flash (cloud-to-earth flash)

 ¨ Upward flash (earth-to-cloud flash)

In case of downward flashes, leader discharges pointing to-
wards the ground guide the lightning discharge from the cloud 
to the earth. Such discharges usually occur in flat terrain and 
near low buildings. Cloud-to-earth flashes can be recognised 
by the branching (Figure 2.1.1) which is directed to earth. 
The most common type of lightning is a negative downward 
flash where a leader filled with negative cloud charge pushes 
its way from the thundercloud to earth (Figure 2.1.2). This 
leader propagates as a stepped leader with a speed of around 

2.1 Lightning discharge and lightning 
current curves

Every year, an average of around 1.5 million lightning strikes 
discharges over Germany. For an area of 357,042 km2 this 
corresponds to an average flash density of 4.2 lightning dis-
charges per square kilometre and year. The actual flash density, 
however, depends to a large extent on geographic conditions. 
An initial overview can be obtained from the flash density map 
contained in Figure 3.2.3.1. The higher the sub-division of 
the flash density map, the more accurate the information it 
provides about the actual lightning frequency in the area un-
der consideration.
Using the BLIDS (lightning information service by Siemens) 
lightning detection system, it is now possible to locate light-
ning within 200 m in Germany. For this purpose, 145 measur-
ing stations are spread throughout Europe. They are synchro-
nised by means of the highly accurate time signal of the global 
positioning system (GPS). The measuring stations record the 
time the electromagnetic wave produced by the lightning dis-
charge arrives at the receiver. The point of strike is calculated 
from the differences in the times of arrival of the electromag-
netic wave recorded by the various receivers and the corre-
sponding differences in the times it takes the electromagnetic 
wave to travel from the location of the lightning discharge to 
the receivers. The data determined in this way are filed cen-
trally and made available to the user in form of various pack-
ages. Further information on this service can be obtained from  
www.siemens.de/blids (German website).
Thunderstorms come into existence when warm air masses 
containing sufficient moisture are transported to great alti-
tudes. This transport can occur in a number of ways. In the case 
of heat thunderstorms, the ground is heated up locally by in-
tense insolation. The layers of air near the ground heat up and 
rise. For frontal thunderstorms, the invasion of a cold air front 
causes cooler air to be pushed below the warm air, forcing it 
to rise. Orographic thunderstorms are caused when warm air 
near the ground is lifted up as it crosses rising ground. Ad-
ditional physical effects further increase the vertical upsurge 
of the air masses. This forms updraught channels with vertical 
speeds of up to 100 km/h, which create towering cumulonim-
bus clouds with typical heights of 5 to 12 km and diameters 
of 5 to 10 km.
Electrostatic charge separation processes, e.g. friction and 
sputtering, are responsible for charging water droplets and 
particles of ice in the cloud. 
Positively charged particles accumulate in the upper part and 
negatively charged particles in the lower part of the thunder-
cloud. In addition, there is again a small positive charge centre 
at the bottom of the cloud. This originates from the corona 
discharge which emanates from sharp-pointed objects on the Figure 2.1.1 Downward flash (cloud-to-earth flash)



16  LIGHTNING PROTECTION GUIDE www.dehn-international.com

the leaders propagate from the exposed object on the surface 
of the earth to the cloud, high objects can be struck several 
times by one lightning discharge during a thunderstorm.
Depending on the type of flash, each lightning discharge con-
sists of one or more partial lightning strikes. We distinguish 
between short strokes with a duration of less than 2 ms and 
long strokes with a duration of more than 2 ms. Further distinc-
tive features of partial lightning strikes are their polarity (nega-
tive or positive) and their temporal position in the lightning 
discharge (first, subsequent or superimposed). The possible 

300 km/h in steps of a few 10 m. The interval between the jerks 
amounts to a few 10 µs. When the leader has drawn close to 
the earth (a few 100 m to a few 10 m), it causes the strength 
of the electric field of objects on the surface of the earth in 
the vicinity of the leader (e.g. trees, gable ends of buildings) 
to increase. The increase is great enough to exceed the dielec-
tric strength of the air. These objects involved reach out to the 
leader by growing positive streamers which then meet up with 
the leader, initiating the main discharge.
Positive downward flashes can arise out of the lower, posi-
tively charged area of a thundercloud (Figure 2.1.3). The 
ratio of the polarities is around 90 % negative lightning to 
10 % positive lightning. This ratio depends on the geographic 
location.
On very high, exposed objects (e.g. wind turbines, radio masts, 
telecommunication towers, steeples) or on the tops of moun-
tains, upward flashes (earth-to-cloud flashes) can occur. It 
can be recognised by the upwards-reaching branches of the 
lightning discharge (Figure 2.1.4). In case of upward flashes, 
the high electric field strength required to trigger a leader is 
not achieved in the cloud, but rather by the distortion of the 
electric field on the exposed object and the associated high 
strength of the electric field. From this location, the leader and 
its charge channel propagate towards the cloud. Upward flash-
es occur with both negative polarity (Figure 2.1.5) and with 
positive polarity (Figure 2.1.6). Since, with upward flashes, 

leader

Figure 2.1.2 Discharge mechanism of a negative downward flash 
(cloud-to-earth flash)

leader

Figure 2.1.3 Discharge mechanism of a positive downward flash 
(cloud-to-earth flash)

Figure 2.1.4 Upward flash (earth-to-cloud flash) 
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conductive parts, a voltage drop across the part carrying the 
current occurs due to the amplitude of the current and the 
impedance of the conductive part carrying the current. In 
the simplest case, this relationship can be described using 
Ohm´s Law.

U = I R

I Peak value of the lightning current

R Earth resistance

If a current is formed at a single point on a homogeneously 
conducting surface, a potential gradient area arises. This ef-
fect also occurs when lightning strikes homogeneous ground 
(Figure 2.2.1). If living beings (persons or animals) are 
inside this potential gradient area, step voltage is formed 
which can cause electric shock (Figure 2.2.2). The higher 
the conductivity of the ground, the flatter is the potential 
gradient area. The risk of dangerous step voltages is thus 
also reduced.
If lightning strikes a building which is already equipped with a 
lightning protection system, the lightning current flowing via 
the earth-termination system of the building causes a voltage 
drop across the earth resistance RE of the earth-termination 
system of the building (Figure 2.2.3). As long as all exposed 
conductive parts in the building are raised to the same high 
potential, persons inside the building are not in danger. There-

combinations of partial lightning strikes are shown in Figure 
2.1.7 for downward flashes, and in Figure 2.1.8 for upward 
flashes. 
The lightning currents consisting of both short strokes and 
long strokes are impressed currents, i.e. the objects struck 
have no effect on the lightning currents. Four para meters 
which are important for lightning protection can be obtained 
from the lightning current curves shown in Figures 2.1.7 
and 2.1.8:

 ¨ The peak value of the lightning current I

 ¨ The charge of the lightning current Qflash consisting of the 
charge of the short stroke Qshort and the charge of the long 
stroke Qlong

 ¨ The specific energy W/R of the lightning current

 ¨ The steepness di/dt of the lightning current rise.

The following chapters show which of the individual para-
meters are responsible for which effects and how they influ-
ence the dimensioning of lightning protection systems.

2.2 Peak value of the lightning current
Lightning currents are impressed currents, in other words a 
lightning discharge can be considered to be an almost ideal 
current source. If an impressed electric current flows through 

leader

Figure 2.1.5 Discharge mechanism of a negative upward flash 
(earth-to-cloud flash)

leader

Figure 2.1.6 Discharge mechanism of a positive upward flash (earth-
to-cloud flash)
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Figure 2.1.7 Possible components of a downward flash
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fore, it is necessary to establish equipotential bonding for all 
exposed conductive parts in the building and all extraneous 
conductive parts entering the building. If this is disregarded, 
dangerous touch voltages may occur in case of a lightning 
strike.
The rise in potential of the earth-termination system as a re-
sult of the lightning current also creates a hazard for electrical 
installations (Figure 2.2.4). In the example shown, the opera-
tional earth of the low-voltage supply system is located outside 
the potential gradient area caused by the lightning current. If 
lightning strikes the building, the potential of the operational 
earth RB is therefore not identical with the earth potential of 
the consumer’s installation inside the building. In the example, 
the difference is 1000 kV. This endangers the insulation of the 
electrical installation and the equipment connected to it.

Figure 2.2.2 Animals killed by electric shock due to step voltage

ϕ potential relative to  
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r distance from 
 the point of strike

ϕ

r

Figure 2.2.1 Potential distribution in case of a lightning strike to 
homogenous ground
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Figure 2.2.3 Potential rise of the building’s earth-termination system 
with respect to the remote earth caused by the peak value 
of the lightning current

UE

L1 L2 L3 PE
N

 UE

1000 kV

RE = 10 Ω

I = 100 kA

RB

distance r

secondary substation

Figure 2.2.4 Risk for electrical installations resulting from a poten-
tial rise of the earth-termination system
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formation of a lightning channel, the lightning current rise in 
case of a first stroke is not as steep as that of the subsequent 
stroke, which can use an existing conductive lightning channel. 
The steepness of the lightning current rise of the subsequent 
stroke is therefore used to assess the maximum induced volt-
age in conductor loops. Figure 2.3.2 shows an example of 
how to assess the induced voltage in a conductor loop. 

2.4 Charge of the lightning current
The charge Qflash of the lightning current consists of the charge 
Qshort of the short stroke and the charge Qlong of the long 
stroke. The charge

Q = idt

of the lightning current is decisive for the energy conversion at 
the exact point of strike and at all points where the lightning 
current occurs in the form of an arc along an insulating clear-
ance. The energy W converted at the base point of the arc is the 

2.3 Steepness of the lightning current 
rise

The steepness of lightning current rise Δi/Δt, which is effec-
tive during the interval Δt, defines the intensity of the elec-
tromagnetically induced voltages. These voltages are induced 
in all open or closed conductor loops located in the vicinity 
of conductors carrying lightning current. Figure 2.3.1 shows 
possible configurations of conductor loops in which lightning 
currents could induce voltages. The square wave voltage U in-
duced in a conductor loop during the interval αt is:

U = M
i
t

M Mutual inductance of the loop

Δi/Δt  Steepness of the lightning current rise

As already described, lightning discharges consist of a number 
of partial lightning strikes. As far as the temporal position is 
concerned, a distinction is made between first and subsequent 
short strokes within a lightning discharge. The main difference 
between these two types of short strokes is that, due to the 
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Figure 2.3.1 Square-wave voltage induced in loops due to the  
current steepness Δi/Δt of the lightning current
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The following results for M2 ≈ 4.8 µH from the diagram:

U = 4.8 · 150 = 720 kV

(high requirement)

Figure 2.3.2 Sample calculation for induced square-wave voltages in 
squared loops
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which is capable of melting or vaporising large volumes of 
material. Figures 2.4.2 and 2.4.3 show a comparison be-
tween the effects of the short stroke charge Qshort and the 
long stroke charge Qlong.

2.5	 Specific	energy
The specific energy W/R of a short stroke is the energy the short 
stroke converts into a resistance of 1 Ω. This energy conversion 
is the integral of the square of the short stroke over time for 
the duration of the short stroke:

W
R

= i2dt

Therefore, this specific energy is frequently referred to as cur-
rent square impulse. It is relevant for the temperature rise in 
conductors carrying lightning impulse currents as well as for 
the force exerted between conductors carrying lightning im-
pulse currents (Figure 2.5.1).

product of the charge Q and the anode / cathode drop voltage 
UA,C , which is in the micrometre range (Figure 2.4.1). 
The average value of UA,C is some 10 V and depends on influ-
ences such as the current intensity and wave form:

W =Q U
A,C

Q Charge of the lightning current

UA,C Anode / cathode drop voltage

Consequently, the charge of the lightning current causes the 
components of the lightning protection system directly struck 
by lightning to melt and also stresses isolating and protective 
spark gaps as well as spark-gap-based surge protective de-
vices. Recent tests have shown that, because the arc persists 
for a longer time, it is mainly the long stroke charge Qlong 

molten metal
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Figure 2.4.1 Energy conversion at the point of strike due to the 
charge of the lightning current
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Figure 2.4.2 Effect of a short stroke arc on a metal surface
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Figure 2.4.3 Plates perforated by the effects of long stroke arcs
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F(t)=
µ

0

2
i2(t)

l
d

F(t) Electrodynamic force

i Current

µ0 Magnetic field constant in air (4 π · 10-7 H/m)

l Conductor length

d Distance between the parallel conductors

The force between the two conductors is attractive if the cur-
rents flow in the same direction and repulsive if the currents 
flow in opposite directions. It is proportional to the product 
of the currents in the conductors and inversely proportional 
to the distance of the conductors. Even in the case of a sin-
gle, bent conductor, a force is exerted on the conductor. In this 
case, the force is proportional to the square of the current in 
the bent conductor. 
Thus, the specific energy of the short stroke defines the stress 
which causes reversible or irreversible deformation of com-
ponents and arrangements of a lightning protection system. 
These effects are considered in the test setups of the product 
standards concerning the requirements made on lightning pro-
tection components for lightning protection systems.

Annex D of IEC 62305-1 describes in detail in which way the 
lightning current parameters relevant to the point of strike are 
important for the physical integrity of an LPS. As explained 
above, these are in general the peak current I, the charge Q, 
the specific energy W/R, the duration T and the average steep-

For the energy W converted in a conductor with resistance R 
we have:

W = R i2dt = R
W
R

R  (Temperature-dependent) d.c. resistance of the con-
ductor

W/R  Specific energy

The calculation of the temperature rise of conductors carry-
ing lightning impulse currents may be required if the risks to 
persons and the risks from fire and explosion have to be taken 
into account during the design and installation of lightning 
protection systems. The calculation assumes that all the ther-
mal energy is generated by the ohmic resistance of the com-
ponents of the lightning protection system. Furthermore, it is 
assumed that there is no perceptible heat exchange with the 
surroundings due to the short duration of the process. Table 
2.5.1 lists the temperature rises of different lightning protec-
tion materials as well as their cross-sections as a function of 
the specific energy.

The electrodynamic forces F generated by a current i in a con-
ductor with a long, parallel section of length I and a distance 
d (Figure 2.5.2) can be calculated as an approximation using 
the following equation:

specific energy 
W/R

force on
parallel

conductors

temperature rise
lightning
current

time

specific
energy

force

Figure 2.5.1 Temperature rise and force resulting from the specific 
energy of the lightning current

Table 2.5.1 Temperature rise ΔT in K of different conductor materials

Cross-section [mm2] 4 10 16 25 50 100

M
at

er
ia

l

Aluminium

W/R [MJ/Ω]

2.5 – 564 146 52 12 3

5.6 – – 454 132 28 7

10 – – – 283 52 12

Iron

W/R [MJ/Ω]

2.5 – – 1120 211 37 9

5.6 – – – 913 96 20

10 – – – – 211 37

Copper

W/R [MJ/Ω]

2.5 – 169 56 22 5 1

5.6 – 542 143 51 12 3

10 – – 309 98 22 5

Stainless 
steel

W/R [MJ/Ω]

2.5 – – – 940 190 45

5.6 – – – – 460 100

10 – – – – 940 190
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Figure 2.5.2 Electrodynamic force between parallel conductors

ness of the current di/dt. Each parameter tends to dominate a 
different failure mechanism as analysed in detail above.

2.6 Lightning current components
Figures 2.1.7 and 2.1.8 show the fundamental lightning 
current curves and the possible components of upward and 
downward flashes as described in the IEC 62305-1 lightning 
protection standard.
The total lightning current can be subdivided into individual 
lightning current components:

 ¨ First positive short stroke

 ¨ First negative short stroke

 ¨ Subsequent short stroke

 ¨ Long stroke

Maximum values are assigned to the individual lightning pro-
tection components depending on the lightning protection 
level (LPL). The time characteristic of the lightning current 
plays an important role for most of the lightning effects de-
scribed before. Therefore, time parameters are defined for the 
individual lightning current components in the lightning pro-
tection standards. These wave forms are also used for analy-
sis and as test parameters for simulating the lightning effects 
on LPS components. In the latest version of the IEC 62305-2  
(EN 62305-2) standard, the first negative short stroke is intro-
duced as a new lightning current component. The first negative 
short stroke is currently only used for calculations and is the 
highest risk for some induction effects. Table 2.6.1 gives an 
overview of the maximum parameters according to the light-
ning protection level as well as the wave form for the indi-
vidual lightning current components defined in the standard.

2.7 Assignment of lightning current 
parameters to lightning protection 
levels

Lightning protection levels I to IV are laid down to define light-
ning as a source of interference. Each lightning protection level 
requires a set of

 ¨ Maximum values (dimensioning criteria which are used to 
design lightning protection components in such a way that 
they meet the requirements expected) and

 ¨ Minimum values (interception criteria which are necessary 
to be able to determine the areas which are sufficiently 
protected against direct lightning strikes (rolling sphere 
radius)).

Table 2.6.1 Maximum lightning current parameters and wave 
forms for the different lightning current components

First positive stroke
Lightning protec-

tion level (LPL)

Parameters I II III IV

Peak current I [kA] 200 150 100

Short stroke charge Qshort [C] 100 75 50

Specific energy W/R [MJ/Ω] 10 5.6 2.5

Wave form T1/T2 [µs/µs] 10/350

First negative stroke LPL

Parameters I II III IV

Peak current I [kA] 100 75 50

Average steepness di/dt [kA/µs] 100 75 50

Wave form T1/T2 [µs/µs] 1/200

Subsequent stroke LPL

Parameters I II III IV

Peak current I [kA] 50 37.5 25

Average steepness di/dt [kA/µs] 200 150 100

Wave form T1/T2 [µs/µs] 0.25/100

Long stroke LPL

Parameters I II III IV

Long stroke charge Qlong [C] 200 150 100

Time Tlong [s] 0.5

Flash LPL

Parameters I II III IV

Flash charge Qflash [C] 300 225 150
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Table 2.7.1 Maximum lightning current parameter values and their 
probabilities

Table 2.7.2 Minimum lightning current parameter values and their 
probabilities

Tables 2.7.1 and 2.7.2 show the assignment of the lightning 
protection levels to the maximum and minimum values of the 
lightning current parameters.

2.8 Lightning current measurements 
for	upward	and	downward	flashes

In general, it is assumed that downward flashes (cloud-to-
earth flashes) place a greater stress on objects hit by light-
ning than upward flashes (earth-to-cloud flashes), particularly 
with regard to short strokes. In the majority of cases, down-
ward flashes are to be expected in flat terrain and near low 
structures. If, however, structures are situated in an exposed 
location and / or are very high, upward flashes typically occur. 
The parameters defined in the lightning protection standards 
generally apply to upward and downward flashes. In case of 
upward flashes, especially the long stroke with or without su-
perimposed impulse currents must be considered. 
A more exact determination of the lightning current para meters 
and their mutual dependence for upward and downward 
flashes is in preparation. Therefore, lightning current measure-
ments for scientific fundamental research are performed on 
different lightning measuring stations throughout the world.  
Figure 2.8.1 shows the lightning measuring station oper-
ated by the Austrian research group ALDIS on the Gaisberg 
mountain near Salzburg / Austria. Since 2007, DEHN has been 
performing lightning current measurements on this measuring 
station by means of a mobile lightning current detection unit. 
The results of these comparison measurements basically con-
firm the lightning current parameters as described in the lat-
est IEC 62305-1 (EN 62305-1) standard. The high number of 
superimposed impulse currents in case of upward flashes is 

Place of installation of the 
high-current shunt of the 
research group ALDIS at the 
top of the tower

Place of installation of the 
Rogowski coils of the mobile 
detection system at the top 
platform

Place of installation 
of the data loggers 
and evaluation units

Figure 2.8.1 Lightning current measurements by the Austrian lightning 
research group ALDIS and DEHN at the ORS transmission 
mast on top of the Gaisberg mountain near Salzburg

Light-
ning pro-
tection 
level

Maximum values
(dimensioning criteria)

Maximum  
peak value of 
the lightning 

current

Probability that the 
actual lightning current 

is smaller than the 
maximum peak value of 

the lightning current

I 200 kA 99 %

II 150 kA 98 %

III 100 kA 95 %

IV 100 kA 95 %

Light-
ning pro-
tection 
level

Minimum values
(dimensioning criteria)

Minimum 
peak 
value 
of the 

lightning 
current 

Probability that the 
actual lightning 

current is greater 
than the minimum 
peak value of the 
lightning current

Rolling 
sphere 
radius

I 3 kA 99 % 20 m

II 5 kA 97 % 30 m

III 10 kA 91 % 45 m

IV 16 kA 84 % 60 m
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Figure 2.8.2 Long stroke with superimposed impulse currents of  
an upward flash with a total charge of approximately  
405 As – recorded at the Gaisberg transmission mast 
during a winter thunderstorm
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Figure 2.8.3 Negative downward flash with M-component (top)  
and partial lightning current in a power supply line 
(below) – recorded at the Gaisberg transmission mast

particularly remarkable. With an average of 8 short strokes 
(either superimposed on the long stroke or subsequent to the 
long stroke), considerably more impulse currents were record-
ed than the 3 to 4 subsequent strokes which typically occur in 
case of downward flashes. Thus, the 3 to 4 impulse discharges 
per flash stated in the lightning protection standards only ap-
ply to downward flashes.
For 10 years (2000 to 2009), ALDIS has been recording 10 
flashes with total charges exceeding the maximum charge val-
ue of 300 As depending on the lightning protection level (LPL). 
These high charge values were recorded only during winter 
thunderstorms. In the first measuring period, the mobile sys-
tem also recorded long strokes during winter thunderstorms 
with higher charges than the charges specified for LPL I.  
Figure 2.8.2 shows a long stroke with a charge of 405 As 
recorded in January 2007. These extreme loads, which exceed 
the charge value of 300 As of LPL I, may have to be taken 
into account when taking lightning protection measures for 
high structures at exposed locations such as wind turbines and 
transmitters.

Negative	downward	flash	and	the	associated	partial	
lightning current
A negative cloud-to-earth flash was recorded during the light-
ning current measurements. Compared to the previously de-
scribed upward flashes, this downward flash is characterised 
by a considerably higher short strokes value. The detected 
negative downward flash has a maximum current of about  
29 kA and a charge of about 4.4 As. Figure 2.8.3 shows a 
comparison between the current curves recorded by the scien-
tific ALDIS measuring system and the mobile lightning current 
detection system. Both current curves are in good agreement. 
Another slowly increasing negative lightning current of about  
5 kA is superimposed on the decreasing short stroke. In light-
ning research, this characteristic lightning current component is 
referred to as M-component. In the second measuring period, 
the mobile lightning current detection system also recorded 
partial currents in one of the low-voltage cables installed be-
tween the platform at a height of 80 m and the operations 
building at the foot due to the high number of measuring chan-
nels. Between these two installation points, there are numerous 
parallel discharge paths for the lightning current. The lightning 
current splits between the metal mast structure and the numer-
ous power supply, data and antenna cables. Thus, the measured 
absolute value of the partial lightning current in a single low-
voltage cable does not provide any useful information. How-
ever, it was verified that the partial lightning current in the low-
voltage cable under consideration has the same polarity as well 
as a wave form and current flow duration comparable to the 
primary lightning current at the top of the tower. Consequently, 
a surge protective device installed to protect this cable must be 
capable of discharging partial lightning currents.


