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ABSTRACT: 

Strike of lightnings with sea, due to the high conductivity of salty water creates more extreme electromagnetic fields in 

comparison with lightnings in land. This paper deals with analysis and simulation of electromagnetic fields resulting 

from lightning in the proximity of a watercraft in sea and its effect on the equipment on the watercraft. The magnitude 

of electric and magnetic fields is first calculated using Uman integral equations to calculate the electric field resulting 

from a limited current channel on a perfect conductor. To solve the field integrals, dual precision exponential model was 

used for the lightning’s current. Due to limitations of the solution of field integrals, parametric analysis is difficult. For 

this reason, the lightning channel and watercraft model was simulated in Maxwell software and the obtained fields were 

compared with the results of integral solution. Considering the closeness of integral and simulation results, with 

alteration of the peak lightning current and its distance off the watercraft, the field sensitivity to these variables was 

measured and the results of parametric analysis have been presented for different parts of the watercraft. 
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1.  INTRODUCTION 

Sea is the region where lightning easy to be form. 

The big ship cruising and watercraft on the open sea 

could be the target to which lightning attacked mostly 

because of its high mast and outstanding antennas [1]. 

The lightning disservice effect to watercraft includes 

the direct effect and indirect effect. Direct effect is the 

physical effect produced by the lightning strike, which 

represent as burning, eroding, explosion, structure 

distortion, high voltage shock wave, magnetic field 

produced by big current, and the fatal contact voltage 

and step voltage formed while the lightning current go 

down along the lightning conductor to the ground or the 

sea. The indirect effect is the electromagnetic radiation 

effect, in which the electromagnetic pulse radiation 

going with the lightning strike disserves the electrical 

and electronic equipments and system. 

An electric field has vertical and horizontal elements 

while its magnetic field has a horizontal element. The 

fields developed by a lightning are similar to the field 

resulting from a limited length channel current. If the 

lightning strike plane is a perfect conductor, the current 

channel is completely mirrored beneath the plane, and 

its effect is equivalent to the effect of lightning channel 

with a length twice as long as the initial length. In [2], 

integral equations have been presented for obtaining 

such as field. If the lightning strike plane is a limited 

conductor, the field equations change horizontally. The 

magnetic field equation resulting from strike of 

lightnings with a limited conductor plane in [3] is the 

frequency zone and electric field resulting from it has 

been calculated in [4] by Cooray-Rubinstein Formula. 

Calculations of the electromagnetic field indicate that 

the field domain resulting from lightning can decrease 

by up to 50% in a plane with conductivity far weaker 

than a perfect conductor [5]. 

As solution of the field integrals as unknown is 

difficult, typically fields are calculated within certain 

intervals off the lightning strike site. The fields resulting 

from strike of lightning in sea at specific intervals in [6], 

[7] have been calculated with different models. 

However, the obtained responses are far from each other. 

One of the reasons of this difference is preliminary 

modeling for the lightning current. 

For modeling the lightning current, various models 

can be used. To prevent complexity of solution of 

integrals models, many studies have employed a simple 

triangular signal for simulation of the lightning current 

[8]. One of the most accurate field modeling is usage of 

dual exponential model, whose parameters have been 

calculated in [9] for different lightning pulses with head 

slope and drop in different waves. However, this model 
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faces problem in solving integral models due to its very 

high slope at the point zero and the points before it. In 

this study, using dual exponential model in the field 

integral, the field equations in perfect conductor plane 

have been calculated in a way that the times before zero 

in the exponential model are not considered. Thereafter, 

the obtained fields have been compared with the 

simulated fields of strike of lightning in the proximity of 

the watercraft in Maxwell v.15 software. In case of close 

correspondence of these fields, one can calculate the 

magnetic domain sensitivity to them by altering the 

simulation parameters in Maxwell Software. 

Lightnings in sea and their effect on watercrafts have 

been understudied in a specialized manner in references. 

In [10] the disserving characteristics of lightning to ship 

are investigated, as well as the direct lightning and 

LEMP protection design requirement for ship system are 

proposed. Survey of Japan, European and Colombia 

lightning day along coast and land are presented in [11], 

[12] and [13], respectively. calculations of lightning 

incidence on a bulk carrier ship model are presented in 

[14] with comparative application of various lightning 

attachment models and stroke current distributions. In 

[15] the effect of an ocean-land mixed propagation path 

on the lightning electromagnetic fields and their induced 

voltages is investigated. Calculations of the expected 

number of lightning strikes on three ship models are 

presented in [16] with comparative application of 

various lightning attachment models and stroke current 

distributions. 

In this paper, modeling and analysis of strike of a 

lightning to water surface in the proximity of a 

watercraft have been presented. Simulation of electric 

and magnetic fields on the watercraft has been done by 

Maxwell software, and investigation of the effect of 

changes in the distance of the watercraft off the lightning 

site has also been presented. The rest of this paper is 

organized as follows: section 2 is dedicated to 

electromagnetic field and equations resulting from 

lightning. Lightning current model is presented in 

section 3. Simulation results are presented in section 4 

for different aspects and section 5 is dedicated to paper 

conclusion. 

 

2.  ELECTROMAGNETIC FIELD RESULTING 

FROM THE LIGHTNING 

Although moving or stationary watercrafts are 

seldom a target of direct lightning, incidence of lightning 

and in turn development of its vertical channel with a 

height of H causes development of electric and magnetic 

fields around the vertical channel. Since seawater has a 

high conductivity, it acts as the earth plane and develops 

a mirror of the lightning height at the height of –H. It 

also causes increased field scattering along horizontal 

axis. The magnitude of this field at each site depends on 

the distance off the lightning channel, channel height, 

and sea conditions. Fig. 1 shows the effect of 

electromagnetic field resulting from lightning on a body 

at distance r. 

 
Fig. 1. The effect of electromagnetic field resulting 

from lightning channel in sea on a body at distance r 

 

If the surface lies between the lightning and perfect 

conductor body intersection, the electric and magnetic 

fields in cylindrical coordinates with a radius of r are 

expressed as (1) and (2), respectively [7]: 
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The first term in (1) is the static part of the electric 

field, and is dependent on charge variations along the 

channel, which decreases by moving away from the 

channel. The second term is the induction part of the 

electric field and is dependent on current along the 

channel, which has a relatively low damping rate. The 

third term is also radiation element, which diminishes 

with moving away from the channel [17]. The magnetic 

relationship stated in (2) is almost similar to that of the 

electric field equation, with the only difference being the 

fact that the element associated with static charges does 

not exist in the magnetic field, and its direction is also 

perpendicular to the magnetic field. 

Electric and magnetic field equations can only be 

applied to perfect conductor planes and in the absence of 

distortion. If either of these conditions does not hold 

true, the form of the wave of fields will undergo an 

extensive distortion and reduction along the propagation 

path. This drop in the field at high frequencies causes 
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reduced range of time derivatives the electromagnetic 

field, thereby lowering the voltage induced onto the 

conductors in the field path. 

If the lightning at distance D off the observer collided 

with a plane with limited σ conductivity, the radiation 

electric field in this distance D will be [18]: 
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In the above relation, 𝐸𝜎  and 𝐸∞ are electric fields at 

distance D on the limited conductor and perfect 

conductor surfaces, respectively. This relation can be 

used for distances up to 300 km, where the earth’s curve 

does not develop any changes in that. 

 

3.  LIGHTNING CURRENT MODEL 

A lightning usually consists of several consecutive 

strikes, with the first brining about the maximum current 

discharge. The current range of the first strike is around 

31kA, and the slope of the wave of the first lightning 

strike is about 24kA/µs [17]. Although the subsequent 

strikes have a lower current peak value, they typically 

have a wave form with a greater current slope, compared 

to the first strike. 

The shape of the wave of lightning is as a high-

frequency pulse with a very fast and dramatic wave 

head, which after reaching the peak value, it diminishes 

with a lower slope. the electrical discharge current of the 

first lightning strike is shown in Fig. 2. The most 

important parameters of this curve are tf, th, Sm, and Imax, 

which are the wave’s head time, the time of drop until 

the half-range, the current slope, and maximum current. 

Typically, the mentioned parameters in standard 

lightning test for the first strike are considered 

Imax=31kA, Sm=24kA/µs, tf=1.2µs, and th=50µs [19]. 

 
Fig. 2. The current wave resulting from the first 

lightning strike 

 

For the lightning wave, considering the very rapid 

rise and fall time, two exponential curves with inverse 

slopes to each other can be used. 
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Where, A, a, and b are constant numbers. Given the 

standard values and the calculations performed in [9], 

the lightning wave is modeled as (5): 
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This model provides a suitable approximation for the 

lightning current from 0-300μs. However, the slope of 

this curve is highly negative at times before zero. Fig. 3 

shows the lightning current model before time zero. 

During these times, the lightning current is equal to zero, 

but as i(t-R/c) current is calculated in the field integral, 

at very small times and for large R, the final response 

obtained from this model finds a large distance with the 

real value. 

 
Fig. 3. Comparison of the real lightning current with 

dual exponential model 

 

To solve the difference developed in the form of 

lightning waves, the integrals of the electromagnetic 

field have been calculated by up to height z, per which t-

R/c value would always remain larger than zero. Thus, 

the electric and magnetic fields are as follows: 
2 2 2

2 2 2

2 2 2

2 2

5
0

2 2

4
0

0
2

2 3
0

2
( , / )

0

1 2
( , , , ) ( , / )

2

( , / )

l

l z

l

t c r tz r
I z t R c d dz

R

t c r z r
E r t I z t R c dz a

cR

t c r I z t R cr
dz

c R t



 


  
  

  
   

  
 



 
 
 
 
 
 
 
 
 

(6) 

2 2 2

2 2 2

3
00

2
0

( , / )

( . , , )
2 ( , / )

l

l

t c r r
I z t R c dz

R
B r t a

t c r I z t R cr
dz

cR t




 




 


  

 


 
 
 
 
  

(7) 

 

Where, Il is the lightning current in terms of the dual 

exponential model. To have a greater speed in 

calculation of field integrals, each integral has been 

calculated for 200 separate times within zero and 100μs. 

Further, MATLAB code uses vpa function for 

approximation of integrals up to 5 decimal places for 

having a faster integration. The curves obtained from 
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solving the electromagnetic field integrals have been 

shown in Fig. 4 for 100μs. 

 
(a) 

 
(b) 

Fig. 4. The fields calculated by field integrals; a) 

electric field, b) magnetic field 

 

4.  RESULTS AND DISCUSSION 

For simulation of the developed fields, Maxwell v.15 

has been used. Electric transient solution method has 

been employed for calculation of the electric field, while 

magnetic transient method has been used for calculation 

of the magnetic field. In these two methods, the fields 

resulting from time variable stimulations. Here, the 

lightning has been simulated as a cylinder with a height 

of 5000m and with full conductivity, which eventually 

strikes the sea water with a conductivity of 5S/m. The 

water column height has been considered 100m and the 

distance between the lightning strike point and 

watercraft has also been taken as 100m. The watercraft 

has been modeled as a typical ship (a simplified three-

dimensional model of a Spanish ship) with a body made 

of stainless steel. Fig. 5(a)a shows the three-dimensional 

environment in 200×200m dimensions. A cubic 

boundary has been considered for the modeling speed in 

the simulation environment, which models the fields up 

to infinity. Figs. 5(b) and 5(c) reveal distribution of 

electric and magnetic fields in the watercraft, 

respectively. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Simulation of the distribution of the fields 

developed in the watercraft in response to lightning 

strike with sea at a distance of 100 m; a) simulation 

environment and watercraft modeling, b) distribution of 

electric field, and c) distribution of magnetic field 

 

According to the results of Fig. 5, the electric field 

has the maximum value at acute angles of the watercraft, 

reaching a maximum of 1091.6V/m. The maximum 

electric field has been developed in the watercraft mast, 

which is the closest point of the watercraft to the 

channel’s starting point. According to field integral 

relation, this point has the minimum distance off the 

height H and maximum affectability by sum of the field 

elements. At farthest points between the watercraft and 

lightning, the electric field value resulting from the 

lightning has decreased to 54V/m. This small range of 

field is due to both the far distance off the lightning 

channel and lower propagation of field in the steel 

material of the watercraft. However, considering the 

magnetic field, the only influential factor in the magnetic 
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domain is the closeness or farness of the object in 

relation to the field origin. The top view of distribution 

of electric field in the environment surrounding the 

watercraft is shown in Fig. 6. 

 
Fig. 6. Distribution of electric field resulting from 

lightning in the environment surrounding the watercraft 

 

The maximum value obtained in the simulation does 

not fully correspond to the maximum electric field 

calculated through field integrals. In addition to the 

approximations used in the integral calculation as well 

as in electric field simulation, only induction factor of 

the field is calculated in Maxwell software. Although 

this element is the largest field element, not considering 

other elements in the simulation has caused this 

discrepancy. 

For a more thorough investigation, the effect of 

changes in the problem parameters can be observed in 

field simulation by Maxwell software. the maximum 

field induced in the watercraft with changing its distance 

off the lightning strike point from 100 to 20m is shown 

in Fig. 7. The relationship between the electric field and 

inverse square of distance off the field origin is in line 

with these results. Fig. 8 shows the relationship of the 

maximum electric field with the peak lightning current, 

suggesting an almost linear relationship. 

 
Fig. 6. Changes in the maximum electric field resulting 

from lightning strike in relation to the watercraft 

distance 

 
Fig. 6. Changes in the maximum electric field resulting 

from lightning strike in the watercraft in relation to the 

peak lightning current 

 

An electric field of 1000V/m suggests that at a 

distance of 5mm, a voltage of 5V can be induced for a 

short time. In modern electronic equipment, only some 

extra volts can result in damage to the equipment. In 

addition to electronic equipment, any conductor lying 

perpendicular to the magnetic field develops voltage at 

its two ends considering the fact that it moves in the 

magnetic field due to the ship’s speed. 

 

5.  CONCLUSION 

Lightning strike to the ground surface causes 

development of electromagnetic fields, where if the 

ground surface is conductive, the domain of these fields 

can grow by up to two times. Electromagnetic fields can 

be calculated using field integral equations and dual 

exponential model of the lightning current. This way of 

calculation offers more accurate results in comparison 

with triangular modeling of the lightning current. 

Simulation of the lightning channel strike close to a 

watercraft on a surface with the limited conductivity of 

seawater in Maxwell software causes development of 

fields, whose value is relatively in line with the values 

obtained from the field integrals. Distribution of electric 

fields resulting from lightning in the watercraft indicates 

that the field intensity is larger in sharp points and closer 

to the lightning channel. Reduction of sharp angles and 

avoiding placement of electronic equipment in these 

points can be effective in mitigating the destructive 

effects of this field. Distribution of magnetic field is only 

dependent on the closeness and farness of the watercraft 

parts in relation to the lightning channel. The intensity 

of electric field has an almost inverse relationship with 

the lightning-to-watercraft distance, while it has a direct 

relationship with the lightning current. Adding the 

watercraft transverse protection against lightning can 

assist in mitigation of the damaging effects resulting 

from lightning strike close to the watercraft. 
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