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Abstract 

Lightning, especially the cloud-to-ground (CG) lightning, is making massive 

damages to humans, environment and electric and electronic devices every year. A 

kind of Lightning Location Network (LLN), based on the combination of MDF 

(magnetic-direction-finder) and TOA (time-of-arrival) techniques, has been world-

widely used to provide the location and current amplitude of CG lightning strokes 

occurred so that to minimize the lightning-caused disasters. However, by assuming 

that the earth is a smooth and perfect conductive sphere, most of the existing LLNs 

are designed and operate without considering the influence of the path roughness on 

the propagation of lightning-produced electromagnetic impulses (LEMP). This study 

aims to figure out the effect of earth surface roughness on the propagation of LEMP 

based on abundant experimental data from the LLN.  

Theoretically, the ground condition may affect a LEMP’s amplitude and propagation 

speed. To describe the path effect on LEMP, two new parameters are defined: the 

“path effect coefficient” that is associated to the LEMP amplitude and the “arrival 

time delay” that is associated with the LEMP propagation speed. A new approach 

based on statistical analysis of the LEMP amplitudes and its arrival times recorded 

by individual sensors in a LLN is proposed to estimate the spatial profiles of the two 

newly defined parameters for each sensor in the LLN. This approach is applied to a 

Chinese regional LLN consisted of 25 TOA/MDF sensors and the results are 

analyzed in three formats: i) the spatial distribution of the “path effect coefficient” 

and “arrival time delay” versus the 3-D terrain topography for each sensor, ii) their 

averages versus the distance to the sensor, and iii) their distributions along a specific 
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earth path for a specific sensor in the LLN. On one hand, the results show that the 

average “path effect coefficient” is about 1 near a sensor and has a general trend of 

decrease superposed with significant fluctuations as the distance increases. On the 

other hand, the average “arrival time delay” shows an almost linear increase versus 

the distance, which increases from about 0.5~1 μs nearby the sensor up to about 10 

μs when 600 km away from the sensor. There are also small fluctuations superposed 

on the straight increasing line of the “arrival time delay” and these fluctuations are 

more obvious when the corresponding terrain topography changes greatly.  

Theoretical explanations for these findings have been explored as following. Firstly, 

the earth is not smooth. The reflected electromagnetic wave by earth protuberance 

will splice the original wave, resulting in changes in both the LEMP amplitude and 

its arrival time reading. Secondly, there is a vegetation layer on the earth. For 

example, a LEMP propagating over a forest  may get extra polarization on tree 

trunks, which will affect the equivalent dielectric constant, and further affect the 

LEMP group velocity and hence its arrival time. Different vegetation will get 

different conductivity and equivalent dielectric constant. Thirdly, the distances on 

phase angles of the main frequencies dominating the LEMP peak will also affect the 

LEMP peak received by a sensor. These findings are helpful in at least two aspects: 

the corrections of the peak current and location of lightning strokes detected by a 

LLN in practical aspect, and the understanding of the physical rules of LEMP 

propagating over rough earth surfaces in theoretical aspect. 
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Chapter 1 Introduction 

Lightning is a very common deleterious and disastrous phenomenon in bad weather, 

which causes huge damage to human life and property and arouses forest fire every year. 

Computers, power lines, railways, airplanes and other electric and electronic devices are 

also seriously in danger under thunderstorm. Some wide-area ground-based technologies 

and systems have been invented and applied to provide warning and mitigation of 

lightning-caused disasters, while some other researches on the technologies and data 

collection using the system are irrational and inappropriate. In order to explore the 

reason of defects, lightning physical background is firstly introduced and discussed.  

1.1 General introduction to lightning 

Lightning always exists in nature, but understanding and research of lightning just got 

started from Benjamin Franklin's Philadelphia experiment since 1752. Lightning is 

defined as a massive electrostatic discharge caused by unbalanced electric charge in the 

atmosphere accompanied with the loud sound of thunder and bright light. It consists of 

inside clouds lightning (IC lightning), cloud to cloud (CC lightning), cloud to air (CA 

lightning) and cloud to ground (CG lightning). In front of the three kinds of lightning are 

cloud discharges, which are accounted for most part of all kinds of lightning. While, CG 

lightning that accounted for small percentage is much more studied because it is the 

culprit of the huge damage made by lightning all around the world. In addition, ground 

discharge channels the CG lightning had are below thundercloud so that it is more easily 
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captured by cameras and high speed cameras and studied by other optical and 

electromagnetic instruments.  

A complete process of CG lightning was described by Uman [Uman, 2001], which 

contains five obvious parts.  

1) Cloud charge transfer: the top of the thundercloud is of the order of many tens of 

coulombs of positive charge, the bottom of the cloud usually contains less positive 

charge, while the primary middle part of cloud accumulates a lot of negative charge. 

Most of CG lightning (about 90%) begins as a local discharge from negative charge 

region and overrun bottom region, frees electrons and neutralizes bottom little positive 

charge, and then continues on their trip to the ground, which is called negative CG 

lightning. In addition, the charge begins from positive charge area are developed into 

positive CG lightning;  

2) The stepped leader: a stepped leader is the vehicle that moves electrons from the 

cloud to the ground. It moves to the ground in rapid and luminous steps, which is about 

fifty meters long. Each step lasts in less than one microsecond, and the time between 

each step is about fifty microseconds;  

3) Upward-moving discharges: when the stepped leader with several coulombs of charge 

is close to the ground, the same amount of positive charge is induced below it and a 

dozens of meters long upward-moving discharge comes up to meet it. When the positive 

charge contacts with the stepped leader, a violent, high-current discharge will travel to 

ground, hits objects and may cause some casualties and damage;  

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/ligseq.html#c2
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4) The return stroke: the leader channel will be moved up by the high luminosity and the 

high current and out of its branches at somewhere quickly. This movement from ground 

to cloud is called return stroke, which is exactly the dazzling display of lightning we 

recognized. The movement of the return stroke (between half and one-tenth of the speed 

of light) is so fast that cannot be resolved by human eye, so it seems as all points of the 

channel become bright simultaneously. Because of the large current and intensive 

electromagnetic radiation, return stroke has high potential making interference to 

electrical and electronic products; 

5) The dart leader and subsequent return stroke: a lightning flash may end after the first 

return stroke. However, most flashes contain more than one return strokes, such as three 

or four strokes, and some even as many as twenty or thirty. A continuous leader called 

dart leader will develops and moves down the return stroke channel from the previous 

stroke and deposits negative charge along its length if enough charge is available in the 

cloud to produce another stroke. Generally, dart leaders deposit less charge than stepped 

leaders do, which leads that, subsequent strokes generally lower less charge to ground 

and have smaller currents than first strokes. 

The time interval between two continuous return strokes is about tens of millisecond and 

the whole lightning flash including several return strokes may last for hundreds of 

milliseconds to 1 second [Uman, 2001]. During the time, lightning flash will emit light 

and sound that people can feel and electromagnetic signal that people cannot feel. 

Optical and electromagnetic instruments were invented to detect and research lightning 

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/ligseq.html#c4
http://hyperphysics.phy-astr.gsu.edu/hbase/electric/ligseq.html#c4
http://hyperphysics.phy-astr.gsu.edu/hbase/electric/ligseq.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/electric/ligseq.html#c2
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flash, such as cameras and high speed cameras based on light of lightning and electric 

meter and various antennas based on electromagnetic signal.  

Optical instruments can provide us comparative intuitive information, such as lightning 

flash development process. This kind of study has high requirements for equipment, 

lightning occurring area and observer, and finally obtains a little information. It is 

suitable for special case study rather than statistical analysis and suitable for auxiliary 

research rather than independent research. For example, it helps broadband 

interferometer study multiple branches triggered lightning [Li et al., 2010] and helps to 

estimate the location accuracy of Lightning Location Network( LLN) [Idone et al., 

1998b]- a wide area lightning detection and location system with multiple sensors.  

On the other hand, various instruments based on electromagnetic signal produced by 

lightning are invented, including 1) lightning protection system- avoid or completely 

eliminate lightning or launch an upward leader to attract lightning and conduct lightning 

current to the ground, such as lightning rod; 2) lightning detection system- provide 

lightning warning, locate the lightning flash and detect the lightning-produced 

electromagnetic impulse (LEMP), such as removable single location system and 

multiple sensors LLN [M. Chen, 2009]. Among these, only LLN can avoid from the 

effect of research distance and human factor and provide abundant data for statistical 

analysis. So LLN composited by electromagnetic instruments has been world-widely 

used to provide early warning of thunderstorm and lightning flash which enables people 

to seek protective measures and collect useful lightning data for the design or 

improvement of protection measures these years. According to the report of China 

app:ds:China
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Power grid, the LLN for CG lightning is extending and has covered most area of nation 

until 2008 [J Chen et al., 2008].   

1.2 Lightning location network and its applications 

Firstly, let’s have a look at the composition of the lightning emitted electromagnetic 

waves. 
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Figure 1.1 Typical power spectrum of lightning produced electromagnetic waves. 

Figure 1.1 shows the lightning power spectrum- a lightning flash emits high frequency 

ray, sky wave and ground wave. Lightning electromagnetic wave spectrum is very wide. 

VLF/LF component propagates as ground wave and sky wave whose propagation 

distance is farther. VHF component transfers as high frequency ray whose propagation 

distance is nearer because of curvature of the earth. The amplitude and energy of the 
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lightning produced wave mainly concentrate in the lower frequency part, such as the 

amplitude component mainly concentrates under 1 MHZ and the energy spectrum 

mainly concentrates in several kHz to hundreds of kHz [S. Chen et al., 2006]. That is to 

say the energy of lightning mainly propagates by sky wave and ground wave and in 

LF/VLF band.  

Figure 1.2 shows a vertical electric field waveform of a negative first return stroke that 

received by a lightning detection sensor 255 km away from the lightning occurring 

location. The ground wave and sky wave are separated from each other and the ground 

wave arrives at sensor first with higher amplitude than that of the sky wave.  Figure 1.3 

shows simulated vertical electric field waveforms (up to about 30 kHz) at distances 

ranging from 100 to 400 km for a negative return stroke. It is obvious that the sky wave 

amplitude remains the same whether 100 km or 400 km, but the ground wave amplitude 

becomes less with the increase of the propagation distance. A lot of technologies have 

been invented to detect these waves radiated by lightning. 

 
Figure 1.2 Vertical electric field waveform of a negative first return stroke. (Quoted from [Haddad et al., 

2012] 
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Figure 1.3 Simulated vertical electric field waveforms (up to about 30 kHz) at distances ranging from 100 

to 400 km.(Quoted from  [Haddad et al., 2012]) 

There are three kinds of techniques used for LLN that can be divided by their operating 

principles in article [M. Chen, 2009]: cross-loop magnetic antenna-direction finder 

(MDF) [Krider et al., 1976], radiation field time of arrival (TOA) [Koshak and 

Solakiewicz, 1996; Lyons et al., 1989] and interferometry method [Dong et al., 2001; 

Kawasaki et al., 2000]. The MDF and TOA systems are suitable for locating individual 

lightning stroke in a wide range of area and giving out single lightning stroke 

information as well as the whole regional lightning distribution map. While the 

interferometry techniques can locate continuous radiation sources and observe some 

special lightning characteristics, which are effectively used to observe the physical 

structure and nature of lightning. All of them can provide detailed lightning data for 

scientific research and practical application, such as weather forecast and power grid 

maintenance [J Chen et al., 2008]. 

The technology for locating lightning on ground was limited to the magnetic direction 

finder (MDF) before early 1970s. Modern MDFs are all designed and developed based 
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on the gated wide-band MDF described by Krider in 1976 [Krider et al., 1976], which 

operates at VLF and LF frequency bands with significant improvement on the accuracy 

of CG lightning location than previous ones. A single MDF station usually consists of a 

crossed-loop magnetic antenna, a flat-plate electric field antenna and microprocessor 

electronics. The cross-loop antenna involves two vertical loop antennas mounted 

perpendicular to each other: north-south loop and east-west loop. The direction of a 

lightning stroke to a single MDF station is obtained by the ratio of the signal induced by 

the lightning stroke in the east-west loop of the MDF to that in the north-south loop of 

the MDF. Intersection point of directions given by two or more MDFs for the same 

lightning stroke are then extrapolated to locate the lightning stroke position. Figure 1.4 

shows the principles of MDFs of 2-sensor system and 3-sensor system, respectively. 
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(a)                                                      (b) 

Figure 1.4 Principles of MDFs. (a) 2-sensor system, (b) 3-sensor system. 

Although MDF has advantages on detection efficiency when detect lightning strokes 

with lower current than 3kA or distance out of 1000km than other technologies, a 

problem that should not be ignored is its poor precision of lightning data, as is shown in 
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Figure 1.4, the azimuth error. The error is generated due to 1) the horizontal components 

of lightning channel, which refers to polarization errors, and 2) the effects of terrain and 

structures on signal propagation, which refers to site errors. It is hardly to eliminate the 

error but can achieve making correction to site error [Mach et al., 1986]. 

With the development of electronics and computers technology since 1970s, new 

methods such as the radiation field time of arrival (TOA) technique operating in low and 

high frequency bands have been invented. According to the study in [Koshak and 

Solakiewicz, 1996], a single TOA sensor provides the arrival time of a LEMP to the 

sensor. Different sensors will get different arrival times of the same LEMP. The 

difference of arrival times of the same LEMP at a 2-sensor TOA system defines a 

hyperbola that includes the lightning source location, as shown by Figure 1.5(a). As two 

antennas cannot uniquely specify the source location by only one hyperbola branch in 

the x-y plane, a third antenna is needed. In a 3-sensor TOA system, the radio source 

location in the x-y plane is confirmed as an intersection of two hyperbolas in the 

mathematical sense, as shown in Figure 1.5(b). But in some cases, it is possible for two 

hyperbola branches to get two intersection points, as shown in Figure 1.5(c). Therefore, 

a fourth antenna is needed to produce a unique location when TOA technique is used. In 

addition, modified hyperbolic equations to fix the source on the spheroidal earth also 

should be considered [Koshak and Solakiewicz, 1996]. 
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(b)                                                                                 (c) 

Figure 1.5 Principles of TOA technique. (a) 2-sensor system, (b) 3-sensor system-1 position, (c) 3-sensor 

system-2 positions. 

TOA technology includes very-short-baseline (tens to hundreds of meters), short-

baseline (tens of kilometers), and long-baseline (hundreds to thousands of kilometers) 

systems. The previous two systems generally operate at VHF band, associating with air 

breakdown processes, while long-baseline systems generally operate at VLF and LF 

frequency bands, associating with radiation of CG lightning stroke. A typical short-

baseline TOA system is the Lightning Detection and Ranging (LDAR) system 

[Boccippio et al., 2001; Maier et al., 1995] which is invented  and put into application at 

1970s. The Lightning Positioning and Tracking System (LPATS) is a typical long-
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baseline TOA system [Katz and Segev, 1995; Lyons et al., 1989]. A single LPATS 

station consists of four major components: TOA antenna, receiver, central analyzer and 

graphic map display terminal. 

Although TOA networks have more accurate location and striking time and a higher 

time resolution of lightning than MDF system, and short-baseline TOA system can 

detect cloud to cloud lightning which cannot be detected by MDF, the ability of TOA in 

recording an individual stroke is not as good as MDF. Therefore, there is a trend to 

combine the MDF and TOA techniques to achieve the greatest effectiveness and benefit 

in the performance of LLN and lightning data these years. An example is the IMPACT 

technology in [Cummins et al., 1998b], which incorporates the measurement of TOA in 

MDF via a GPS clock. The principles of IMPACT are illustrated in Figure 1.6. An 

IMPACT network usually consists of 5 parts: IMPACT sensors, central data processing 

station, graphic display terminal, database and web browser server and communication 

system. 

IMPACT1 IMPACT2

Optimal stroke 

location

 

IMPACT1 IMPACT2

IMPACT3
Optimal 

stroke location

 
(a)                       (b) 

Figure 1.6 Principles of IMPACT. (a) 2-sensor system, (b) 3-sensor system. 
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IMPACT has truly improved the detection efficiency and location accuracy than former 

LLNs. A good example is the U.S. National Lightning Detection Network (NLDN). 

NLDN is the most famous and researched LLN in the world, which has been providing 

real-time lightning information since early 1980s. Its operation was based only on 

MDFs in 1989 and upgraded in 1995 with 106 sensors: 47 IMPACT sensors and 59 TOA 

only LPATS III sensors. Later, all the 59 LPATS III were upgraded into IMPACT during 

2002 and 2003 [Cummins and Murphy, 2009; Cummins et al., 1998b; Nag et al., 2010]. 

The performance and database of the NLDN becomes much better with the use of 

IMPACT technique. Combing with the Canada Lightning Detection Network (CLDN), 

the NLDN database can provide lightning information throughout region with latitudes 

ranging from 25
°
 to over 60° north latitude, which covers nearly 20 million km

2
 

[Cummins and Murphy, 2009]. The lightning data collected by NLDN are widely used 

in researches, such as evaluation of the other LLN’s performance [Abarca et al., 2010; 

Lojou et al., 2011; Rodger et al., 2006] and comparison with rocket-triggered lightning 

data [Nag et al., 2010].  

The third kind of technique used in LLN is interferometry method, which can be divided 

into broad-band interferometer and narrow-band interferometer. Both broad-band and 

narrow-band interferometer detect the electromagnetic radiation of lightning discharges 

in VHF/UHF frequency ranges to provide either three spatial dimensions (3D)[Li et al., 

2010] or 2D images of lightning channel progression [Ishii et al., 1999]. This method is 

suitable for mapping the continuous signal of radiation sources and for the clarification 

of the activity of in-cloud discharge. 
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More than 90% of LLNs of China Power are based on the TOA/MDF combined 

technique [J Chen et al., 2008]. This study is based on the lightning data collected by a 

TOA/MDF combined type LLN in China: the Yunnan 25-station Lightning Location 

Network, which is proved to be with a good performance [M.  Chen et al., 2011]. For 

this sake, more discussions are given on the TOA/MDF technique and its applications in 

following paragraphs.  

In general, a TOA/MDF sensor receives the ground wave of a LEMP and finds out 

parameters that can describe the lightning characteristics based on certain criteria and 

standards established for the LEMP for various lightning flashes. A single TOA/MDF 

sensor usually provides the arrival date and time, source azimuth, LEMP amplitude, 

steep point value, steep point time, rise time, zero passage time etc., for each LEMP 

waveform it detected. As a result, a LLN with multiple TOA/MDF sensors can provide 

the longitude and latitude, occurring time and strength for each LEMP it successfully 

positioned. 

It is the above mentioned features that make the TOA/MDF type LLN be used world-

widely. Firstly, the data from LLNs help scientists and specialists to determine where, 

how many and what type of lightning flashes occurred, providing helps in designing a 

lightning protection system or assessing the performance of an existing lightning 

protection system installed for the protection of human life and property, a building or 

an electronic device. Secondly, steep point value, steep point time, rise time, zero 

passage time of a LEMP  are used for statistics of lightning waveform characteristics, 

such as rise time, pulse width and polarity, as well as the proportion of positive and 
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negative flashes [Diendorfer et al., 1998]. Thirdly, with the occurring times of 

individual strokes one makes statistics on such as the number of strokes per flash,  inter-

stroke time intervals, detection efficiency of lightning flash and strokes [Idone et al., 

1998a], and even the comparison of location and intensity of each stroke within a flash 

[Lojou et al., 2011]. 

Especially, many electricity companies implement TOA/MDF type LLN to enhance 

their reliability of power supply and maintenance process [J Chen et al., 2008]. If 

engineers make sure that the faults were caused by lightning flashes they can quickly 

recover the services according to the location of lightning strokes given by the LLN. 

Here comes a problem - how accurate is the location of a lightning stroke located by a 

LLN? The accuracy of location of a lightning stroke is determined by accuracies of the 

azimuth angles given by MDF method and the arrival times given by TOA method. The  

error in azimuth by MDF is referred as the site error [M. Chen et al., 2012; Mach et al., 

1986], which has been studied in-depth. While the study in arrival time error in TOA 

just started recently. 

Another important parameter is the LEMP amplitude (Figure 1.3), which is mainly 

related to the ground wave. The LEMP amplitude is usually used to predict the peak 

current of a lightning return stroke in CG flash. A general prediction of the peak current 

with the peak electric field is the transmission line model (TLM) for a return stroke by 

Uman and McLain [Uman and McLain, 1970]. Cooray-Rubinstein (CR) formula 

[Rubinstein, 1996] based on the TLM model shows that the peak value of the electric 

field pulse of a return stroke is positively proportional to its peak current and inversely 
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to the source-sensor distance. Nowadays, almost all of the LLNs provide the peak 

current or strength of a lightning stroke according to the CR formula or its 

improvements. However, the CR formula has been challenged by the data of rocket-

triggered lightning return strokes in reference [Nag et al., 2010]. Since  the peak current 

of a lightning stroke is a very important parameter for application, corrections to the CR 

formula or establishment of a more accurate formula that shows the real relation of the 

LEMP amplitude and the peak current should be approached. This comes to the 

objectives of this study as in the following section.  

1.3 Research objectives 

Most of the modern LLNs were designed without considering the influence of the path 

by assuming that the earth is a smooth sphere with constant conductivity. While, there 

are all kinds of objects on surface of earth, such as mountains, lakes, rivers and 

vegetations, which affect the smoothness and conductivity of the earth surface and 

therefore the attenuation of the propagating LEMP. In fact, according to the analysis of 

some existing LLN data, it is found that the peak current inferred from LEMP amplitude 

and the error in source location inferred from LEMP arriving time is quite different for 

the same lightning stroke at different source-observer distances. All these phenomena 

indicate that the influence of propagation path is significant and can’t be ignored.  

The abundant lightning data collected by TOA/MDF type LLNs provide valuable 

experimental data for researches on the effect of the path on the LEMP propagation. 

Therefore, this study aims to establish a statistical approach to evaluate the actual effect 
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of propagation path on the LEMP based on historical data from a regional TOA/MDF 

type LLN in Yunnan of China, which mainly touches on two aspects: amplitude and 

arrival time of LEMP. Specifically, 

 Taking the advantage of large amount of lightning location data recorded by 

the Yunnan LLN, develop an adequate model to study the effect of propagation path on 

the LEMP with the LLN data;  

 To investigate the property of propagation of LEMP on rough surface based on 

the adequate  model developed;  

 To find out the proof of existence of the effect of propagation path on LEMP 

in two aspects: one is associated to LEMP amplitude and another is associated to LEMP 

arrival time; 

 To explore theoretical explanation of the results, and make suggestions on the 

possible application of the results in both practical and theoretical areas. 

Scope of the present study is presented next. 

Chapter 1 is an introduction to the lightning and its harm, the lightning location 

technologies and its applications in protection and mitigation of the lightning-associated 

disasters. Then the research objectives– study of the effect of propagation path on 

LEMP are highlighted. 
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Chapter 2 is a thorough literature review of the previous researches related to the 

propagation of LEMP of lightning return stroke on ground surface, with the focus given 

on those existing return stroke models and LEMP propagation models. 

Chapter 3 defines two new parameters to describe the effect of earth surface roughness 

on the propagation of LEMP, and then establishes the algorithm to calculate the 

parameters and applies the approach to a China regional LLN.  

Chapter 4 and 5 provide the results and analysis of the two parameters defined in 

Chapter 3. 

Chapter 6 puts forward some possible applications of the method and its results in both 

the practical and theoretical aspects. 

At last, Chapter 7 summarizes the present study.  
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Chapter 2 Literature review 

Actually, a lot of researchers have already realized the importance of the path effect on 

LEMP and established many methods to calculate the propagation effect of LEMP along 

different paths and compared the simulation results. However, these works mainly 

depend on theoretical modeling without more experimental validations. Following is a 

briefing of these works.  

2.1 Modeling of lightning return stroke 

The research on propagation of LEMP of a return stroke is developing in following 

processes: 

1) Proposing the return stroke channel models and establishing equations; 

2) Calculating the return stroke emitted electromagnetic fields in the near, middle and 

long distance: from analytic method to numerical simulation method;  

3) With the development of computer technology, the model of propagation path of 

LEMP is becoming more and more complex and approximate to the real path: from 

infinite ground to finite ground; from perfectly conducting ground to limited 

conductivity ground; from homogenous conducting ground to layered conducting 

ground; from smooth, flat ground to curved, mixed path (sea, hill);  

4) Validating the model by experimental study; 
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This part will mainly concentrate in the return stroke models given by previous 

researchers and how they calculate the electromagnetic field. 

V. A. Rakov comprehensively reviewed and evaluated the research on lightning return 

stroke models until 1998 [Rakov and Uman, 1998]. The models of the lightning return 

stroke are divided into four classes: 1) the gas dynamic models; 2) the electromagnetic 

models, such as antenna theory (AT) model [Moini et al., 1997; Moini et al., 2000; 

Shoory et al., 2005] and dipole radiation model [Sommerfeld, 1909]; 3) the distributed-

circuit models; and 4) the “engineering” models, such as transmission line model (TLM) 

[Nucci et al., 1988; Rakov and Dulzon, 1987; Uman and McLain, 1970] and Diendorfer-

Uman (DU) model [Diendorfer and Uman, 1990]. Among them, the second and the 

fourth models are much more suitable for the study of LEMP propagation characteristics 

and can be conveniently tested against observations. 

TLM was firstly proposed by Uman and McLain at 1970 [Uman and McLain, 1970]，

which assumed that the return stroke current flowed on a non-loss transmission line and 

radiated field propagated on completely conductive ground. After that, two 

modifications of TLM were developed: the modified transmission-line model with linear 

current decay with height-MTLL [Rakov and Dulzon, 1987] and the modified 

transmission-line model with exponential current decay with height MTLE [Nucci et al., 

1988]. For cases under following conditions: 1) the height above ground of the upward-

moving return-stroke front is much smaller than the distance between the observation 

point on ground and the channel base so that all contributing channel points are 

essentially equidistant from the observer; 2) the return-stroke front propagates at a 
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constant speed; 3) the return-stroke front has not reached the top of the channel; and 4) 

the ground conductivity is high enough so that propagation effects are negligible, the 

TLM model predicts that the vertical component of the electric radiation field from a 

return stroke (and the horizontal component of the magnetic radiation field) is 

proportional to the channel-base current. 

DU model is another famous return stroke model, which was proposed by Diendorfer 

and Uman in 1990 [Diendorfer and Uman, 1990]. In this model, channel current can be 

divided into two parts with different time constant: up going recoil pilot and downward 

transmission. The main difference between DU and TML is the propagation direction 

and velocity of channel current. 

Moini, et al. [Moini et al., 1997] firstly put forward the antenna theory (AT) model of 

return stroke in 1997. In the AT model, lightning channel is approximated by a straight 

and vertical monopole antenna with distributed resistance above a perfectly conducting 

ground, i.e. a lossy vertical wire antenna above ground. The antenna takes a voltage 

source at its lower end as input current, which can be specified to represent the lightning 

return-stroke current at the lightning channel base. In this model, only two adjustable 

parameters are needed, the propagation speed of the current wave for a non-resistive 

channel and the resistance per unit channel length, each assumed to be constant. It is 

demonstrated that fairly good agreement is existed between the model-predicted and 

typical measured electric fields, no matter at distance of tens of meters or tens of 

kilometers. The AT model was compared to four of the most commonly used" 

engineering" return-stroke models in terms of the temporal-spatial distribution of 
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channel current, the line charge density distribution, and the predicted electromagnetic 

fields at different distances in [Moini et al., 2000]. A reasonably good agreement was 

found with MTLL and DU model. 

Another popular model is the dipole radiation model, which treats the lightning return 

stroke as an electric dipole. The problem of the electric dipole radiation over a 

conducting ground plane was first solved by Sommerfeld in 1909 [Sommerfeld, 1909]. 

Now the technology to solve the problem of electric dipole has been well established 

and applied in many areas after all these years’ development.  

These models are effective when propagation path is perfectly conducting ground while 

not suitable for practical problems. Fortunately, researchers found out the effects of 

finite ground conductivity on LEMP. For instance, Delfino’s work [Delfino et al., 2008a; 

Delfino et al., 2008b] showed how the results provided by the developed dipole 

radiation theory can be used to assess and calculate the lightning radiation over a lossy 

ground plane. 

A good review of the literature on the effects of finite ground conductivity on lightning 

electric and magnetic fields is given by Rachidi et al. in 1996 [Rachidi et al., 1996]. He 

presented the theory and equations to calculate the electromagnetic field induced by 

lightning stroke both in frequency and time domains. LEMP is a transient 

electromagnetic field problem. People tried to solve lightning emitted electromagnetic 

field mostly by analytic method in early time. It means to solve vector potential equation 

by frequency domain method (such as Sommerfeld integrals [Sommerfeld, 1909]) and 

time domain integral method (such as electric field integral equation (EFIE) in time 
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domain [Moini et al., 1994]). But analytic method has some limitations: firstly, the 

frequency domain method needs to do two Fourier transforms, the time domain integral 

method needs to do multiple approximate treatments, which makes their solving process 

complicated; secondly, if lightning current expression is a little complex, the method 

cannot get the exact solution. Thanks to the development of computer science and 

technology, some new methods gradually come to the forefront, such as Coory-

Rubinstein formula (CR formula) [Rubinstein, 1996] and finite difference time domain 

method (FDTD). 

The CR formula provides a simple method to evaluate the radial component of the 

horizontal electric field produced by the vertical stroke current which is mostly affected 

by the finite ground conductivity. Some considerations on CR formula are given by 

Cooray in 2002 [Cooray, 2002]. The effects of propagation over finitely conducting 

ground on the features of radiation component of the electric field time derivatives are 

investigated [Fernando and Cooray, 2007]. Different peak electric field in different 

distance, 2 km, 5 km, 10 km, 20 km, 40 km, 60 km, 80 km, 100 km were compared. The 

results show that the peak, the half-width and the rise time of the electric field time 

derivative change significantly when propagating over finitely conducting ground.  

On the other hand, a further research based on AT model was given by Shoory et al. in 

2005 [Shoory et al., 2005], where, the ground was modeled as a lossy half-space. The 

method of moments (MoM) was used to solve the governing EFIE in the frequency 

domain. They use the resultant current distribution along the channel to calculate 

electromagnetic fields at different distances from the channel. The results shows that the 
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Cooray–Rubinstein formula for calculation of the horizontal electric field is no more an 

approximation at far ranges and for poorly conducting ground. Complete 

electromagnetic fields over lossy ground were analyzed by different ground situation in 

different distances, such as seawater, high σ earth and low σ earth in 200 m, 50 km and 

100 km. It had been shown that the peak value of electric field was significantly 

influenced by propagation path with poorly conducting ground. After all, Shoory 

suggested that the influence of ground’s finite conductivity cannot be neglected in most 

practical situations. 

In recent years, more and more people study on propagation of LEMP. Apart from the 

above mentioned methods, they assumed many other models and simulation methods to 

address the rules of ground wave propagating on the earth surface with various terrain 

and electric properties. Those models include finite element method (FEM) [Apaydin 

and Sevgi, 2009; 2010], aperture field method (AFM) [Kawano and Ishihara, 2009; 

2011], Two-dimension (2D) fractal rough ocean model [Zhang et al., 2012], split-step 

parabolic equation (SSPE) [Sevgi, 2007], and stratified ground model [Shoory et al., 

2010]. The methods to calculate the electromagnetic field generated by lightning are 

gradually changed from analytic method to simulation method. 

Some of the models and methods have been used in LEMP research, and some only 

used for common ground wave research. In the following part, I will pick some 

examples and pay attention to the specific application and results of these models. 
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2.2 Lightning produced electromagnetic impulse 

(LEMP) propagation over earth surface 

Many people have used CR formula to research the propagation of horizontal electric 

field and got some good results in close range. Rubinstein et al. [Rubinstein et al., 2011]  

used experimental magnetic fields at ground level from strikes to the 553-m tall CN-

Tower to calculate the horizontal electric field and azimuthal magnetic field under the 

ground at different depths and for different ground conductivities. The equation they 

used is simplified from CR formula and the results they obtain are equivalent to those 

presented by Cooray in 2001 [Cooray, 2001]. The results tell us that higher surface 

conductivity or deeper depth, the more attenuation of electric field is. But, the accuracy 

of CR formula is very low for poor conductivity and long distance. 

Wait [Wait, 1996] derived simplified analytical expressions by using the concept of 

attenuation function for the analysis of the propagation of lightning radiated 

electromagnetic fields over a horizontally stratified ground. For the case, if the upper 

ground layer has a lower conductivity than the lower layer, the magnitude of the 

attenuation function can take values greater than unity.  

Two-layered stratified conducting ground were considered in [Delfino et al., 2011] and 

[Shoory et al., 2011], the proposed method is based on a suitable modification of a 

previously developed model for the evaluation of the fields in the presence of a lossy but 

homogeneous soil (namely the conductivity and permittivity are considered as constant). 

An efficient method for the numerical evaluation of the electromagnetic field was 
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proposed by Delfino [Delfino et al., 2011]. Both of physical and mathematical point of 

view given in this paper shows particular attention was devoted to the soil reflection 

coefficient properties. The method is validated in literature [Shoory et al., 2011]. But in 

the real case, the earth's surface is not only the soil but with vegetation or buildings, 

which leads to the difference of conductivity and permittivity from one place to another 

place. The two-layered stratified conducting ground needs to be further modified to 

present the real situation. 

The review of research on LEMP propagation on  stratified ground is given in [Shoory et 

al., 2010], which also compared the stratified ground effect calculated by Wait 

formulation with that simulated by FDTD for the single layer ground case. It is found 

that the results of Wait formulation and FDTD were similar to each other. A historical 

and comprehensive review of the formulations, their domains of applicability, and 

theoretical bottlenecks were given in the review papers by Wait [Wait, 1998].  

Apart from some early empirical approaches to predict the field-strength-versus-distance 

variation, the first analytical proposal was put forward by George Millington, who led 

our attention from smooth, flat, and curved ground to inhomogenous smooth earth 

(mixed path-land, sea, hill) in 1949 [Millington, 1949], but the results he generated were 

not very accurate and visualized. 

Cooray firstly put forward his mathematical model of effects of propagation on the 

return stroke radiation fields in 1987 [Cooray, 1987] and applied the model into mixed 

sea-land path model in 1994 [Cooray and Ming, 1994]. In latter article, he theoretically 

considered propagation partly over sea and partly over land. He found that the 
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propagation effects on the electric radiation field derivative were significant if the length 

of the land portion of the propagation path was longer than a few tens of meters. He also 

applied the model into rough ocean surface model and found that the attenuation caused 

by the rough ocean surface can be significant for frequencies higher than about 10 MHz 

from theory [Ming and Cooray, 1994],  and for the worst cases, the peak of the 

derivative of the radiation field can be attenuated by about 35% after propagating 50-

100 km distance over a rough ocean distance. 

Cooray also researched on the comparison of propagation effect of ground flash and 

cloud flash in 2007 [Cooray, 2007].  In this case, the peak and the peak derivatives of 

the electromagnetic radiation fields propagated over finitely conducting ground of 

conductivity 0.001 S/m were measured in 1 km, 5 km and 10 km away from a lightning 

flash, the results deviated from their ideal values but depended on propagation distance 

and the ground conductivity. The results show that the propagation effects do not 

attenuate the cloud pulses to the same extent as those of return stroke fields even under 

similar conditions. 

Zhang [Zhang et al., 2012] used an improved two-dimension (2D) fractal model of 

rough ocean surface to analyze the propagation effects of the rough ocean surface on the 

vertical electric fields generated by lightning return strokes and the researched band of 

wave was from several Hz to 50 MHz. The results show that the rough ocean surface 

has no or little effect on the field peaks, but has greater influence on the electric field 

derivatives. The frequency above 10 MHz is attenuated significantly by the rough ocean 

surface, and the rapid attenuation of frequency above 10 MHz in the experimentally 
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obtained spectrum may be taken into account the errors introduced by the roughness of 

the ocean surface. 

Aperture field method (AFM) are used to analyze ground wave propagation over land-

to-sea mixed path by using equivalent current source on aperture plane by Kawano in 

2009 [Kawano and Ishihara, 2009]. He applied another method-Helmholtz-Kirchhoff 

integral theorem to analyze the same mixed path in 2011 [Kawano and Ishihara, 2011], 

then he gave the comparison of the results of vertical electric field calculated from 

AFM, Helmholtz-Kirchhoff integral theorem and experimental data (a real land to sea 

path data in Japan). These three results are very similar. Specifically, the electric field 

will reduce versus propagation distance in the same medium, while the land with lower 

conductivity has a greater attenuation than sea. 

Finite element method (FEM) was proposed and applied in 2009 by Apaydin [Apaydin 

and Sevgi, 2009]. The model successfully calculated the path losses over multi-mixed 

propagation paths at middle and high frequency (MF: 0.3-3MHz and HF: 3-30MHz) 

bands and proved the surface wave contribution was significant in this band range. 

Some examples of calculation results for special propagation path in the paper included 

3D field strength versus height and distance of homogenous sea and sea-land mixed 

path, and 2D path loss versus range of homogenous sea, sea-land, land-sea, sea-land-sea, 

and sea-land-sea-land-sea mixed path, respectively, as  shown in Figure 2.1 (the range is 

0 – 50 km). The results show that the path loss has a decrease trend by increasing 

distance, but path with lower conductivity or higher frequency will get greater path loss, 

specifically, the path loss changed sharply at the border of mixed-path.   
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Figure 2.1 Path loss versus range over a five-segment propagation path (10 km and 15 km long islands are 

15 km and 30 km away from the source) at 3 and 10 MHz. (Land: σ = 0.01 S/m,   =   ; sea: σ = 5 S/m, 

  =   ). (Quoted from [Apaydin and Sevgi, 2009]) 

Further research based on FEM was given by Apaydin in 2010 [Apaydin and Sevgi, 

2010], still in MF and HF bands while the earth was no longer flat but with sea-hilly 

island-sea mixed path, where, hilly islands were simulated into Gauss-shape, full sine 

and half sine shape. Results were expressed in some aspects: 1) fixing the width of the 

island as 10 km, height changes from 0 - 500 m (Figure 2.2) - path loss changes like a 

full sine, the greater the height, greater the sinusoidal amplitude; 2) fixing the height of 

the island as 250 m, width changes from 5 km to 20 km - the greater the width, longer 

the sinusoidal periodic; 3) comparing the 3D field strength versus height and distance 

and 2D path loss versus range of full-sine shaped island and half-sine shaped island, the 

full-sine shaped island shows the same sine wave as 1) and 2) while the half-sine shaped 

island not. Here, the sharp attenuation before and strong recovery after the island (like a 

sine) in the transmitted signal is named the Millington effect. 



29 

 

 
Figure 2.2 Path loss versus range over a 3-segment 30 km mixed path (Gauss-shaped islands with 

different heights are 15 km away from the transmitter) at 10 MHz (island: σ=0.002 S/m,   =   ; sea: 

σ=5 S/m,    =   ). (Quoted from [Apaydin and Sevgi, 2010]) 

The review of ground wave modelings and numerical simulation strategies were given 

by Sevgi in 2007 [Sevgi, 2007], which summarized early analytical studies，Frequency 

Domain (FD) Methods-SSPE and MoM and recent time domain approaches- FDTD and 

provided some examples. The 2D sea-land-sea results showed the propagation of waves 

lower than 250 kHz was only related to distance but not affected by path terrain and 

conductivity. In addition to mannered mix path, the paper also gave some non-flat 

propagation scenarios (Figure 2.3). The path effect is visible and easy to be analyzed by 

these simulation strategies. 
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Figure 2.3 Propagation factor versus range curves for two different non-flat propagation scenarios; (top) a 

20 km propagation path at 10 MHz. The transmitter is a horizontal line source and is 400 m above the 

ground the receiver is 300 m above the ground, (bottom) a 10 km propagation path at 15 MHz. The 

transmitter is a vertical short dipole (TE -type problem) and is 300 m above the ground the receiver is 10 

m above the terrain. (Quoted from [Sevgi, 2007]) 

These simulation strategies are mostly based on common ground wave with single 

frequency in MF/HF band, while the real lightning ground wave is a broad band 

waveform formed by a lot of different frequencies. According to the research on 

lightning frequency spectrum [S. Chen et al., 2006], the amplitude and energy of LEMP 

mainly concentrated in several kHz to hundreds of kHz (VLF/LF). On the other hand, 

the propagation rules of mixed frequency wave are different from those of single 

frequency on the same path, and MF/HF band wave propagation rules are different from 

those of VLF/LF band. The research on simulation of ground wave produced by 

lightning return stroke can be improved as following: given a real mixed frequency 
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wave emitted by a lightning return stroke (got from the triggered-lightning or natural 

lightning), given a real path with complex terrain, then applying the simulation methods 

to evaluate the LEMP in different distance along the path.   

In addition, the experimental study of LEMP in large area and remote distance is still a 

vacant research area. But this kind of study is very necessary to verify a simulation 

model; otherwise, it is un-useful by doing any more simulations. 

Next, attention must be paid to two important characteristics of the LEMP: peak current 

of a return stroke in relation with the LEMP amplitude and the LEMP arrival time at a 

detector station.  

An important lightning parameter given by a TOA/MDF type LLN is the peak value of 

LEMP (𝐸𝑝) detected, which is usually used to predict the peak current of a lightning 

return stroke in CG flash (𝐼𝑝). As mentioned in previous section, for an ideal earth 

surface the TLM [Uman and McLain, 1970] predicts that the peak value of the electric 

field pulse of a return stroke is positively proportional to its peak current and inversely 

to the source-sensor distance as: 

 𝐸𝑝 =  
   

      
 
 

 
 𝐼𝑝,           (2.1) 

where, vrs is the return stroke propagation speed, c is the speed of light and r is the 

source-observer distance. That is why the following empirical formula was developed 

and used in most practical LLNs to estimate the lightning peak current:                 
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 𝐸𝑝 =   
 

 
 𝐼𝑝,            (2.2) 

where, K is a constant and r is the source-observer distance. K can be either derived by 

the TLM for a return stroke with an assumed return stroke speed or estimated by data of 

artificial triggered lightning experiment.  

On the other hand, some studies (e.g. [Cooray et al., 2000]) find that the attenuation of 

the LEMP against distance is different between positive return stroke, negative return 

stroke and lightning triggered subsequent return strokes. They also find that the higher 

the amplitude of the initial peak, the lower the attenuation.  

Taking account of the studies such as in [Cooray et al., 2000] as well as triggered 

lightning results, a modified approach for estimation of the stroke peak current with the 

measurements of peak field (signal strength) was proposed in the NLDN. In the 

approach, firstly, a range-normalized value of the signal strength (RNSS) for each 

reporting sensor was estimated using the following signal propagation model [Cummins 

et al., 1998b], 

 𝑅𝑁𝑆𝑆 = 𝐶  𝑆𝑆  (
 

𝐷
)
𝑝

exp (
 −𝐷

𝐿
),  (2.3) 

where, SS is the raw signal strength reported, r is range in kilometers, D is the 

normalization range which is set to 100 km, p is an attenuation exponent which is 

identified as 1.13 in the NLDN, L is the e-folding length for attenuation, and C is a 

constant. Then the peak current was related to the RNSS by following formula:   
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 𝐼𝑝 = 5.2 + 0.148𝑅𝑁𝑆𝑆.  (2.4) 

The reason why appearance of the first constant is that many strokes with peak current 

less than 5 kA cannot be detected. By improving the sensors, more strokes with smaller 

signal strength can be involved and the empirical equation was further modified as:  

 𝐼𝑝 = 0.185𝑅𝑁𝑆𝑆.  (2.5) 

The Guang Dong lightning location system in China [S Chen et al., 2002] and NLDN 

[Cummins et al., 1998a] in America are all estimating the peak current by this formula 

now. 

Nevertheless, a recent study by Nag et al. [Nag et al., 2010] on triggered lightning 

shows that there are still significant errors in current estimates with the formula  (2.5). 

They studied the signed NLDN peak current estimation errors as a percent of Camp 

Blanding measured peak current (Δ𝐼𝑝%) for 96 rocket-triggered return strokes. The 

Δ𝐼𝑝% for all strokes has an average mean of -6.4% with a standard deviation of 25%, a 

minimum of -52% and a maximum of 129%.  

More recently, Haddad et al. [Haddad et al., 2012] proposed a new empirical formula to 

estimate the peak current of lightning stroke based on  analyses of wideband electric 

field waveforms of 265 first and 349 subsequent return strokes in negative natural 

lightning with distances ranged from 10 to 330 km. The new empirical formula is 

defined as: 

 𝐼𝑃 = 1.5  0.037𝐷  𝐸𝑃, (2.6) 
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where 𝐼𝑃  is considered negative and in kA, 𝐸𝑃  is the electric field peak considered 

positive and in V/m, and D is distance in km. They found that the NLDN-reported 

current was on average about 20% lower than that predicted by their new empirical 

formula for first strokes and about 26% lower for subsequent strokes.  

Different from the peak current, errors in the arrival time or the estimated occurrence 

time of a LEMP are researched much less.  

Errors in retrieving the LEMP occurrence time was firstly discussed by Koshak et al. 

(1996) [Koshak and Solakiewicz, 1996]. They reexamined the problem of retrieving 

radio source location and time-of-occurrence from TOA data and suggested a more 

appropriate terminology for a TOA measurement network as a “hyperplane system” 

since the source location and time-of-occurrence is most concisely viewed as a 

geometrical intersection of hyper-planes in Minkowski space. A simulation with their 

suggested approach was given in their article by assuming the time difference and 

antenna location errors randomly varied from 0 to 50 ns and 0 to 1 cm respectively. 

Comparisons of mean location error and mean time error for different source azimuth Φ 

in ranges of 1 to 100 km in a square network showed that: for the same Φ, the time error 

and location error has a minimum value at about 10 km, and then increases no matter the 

distance increases or decreases; for the same distance, the higher Φ (Figure 2.4), the less 

location and time errors. In addition, the location error and time error are not affected by 

different source azimuth in a triangular network. This article showed the effect of 

random occurrence time error on different source azimuth and distance. 
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(a)                                                    (b) 

Figure 2.4 Mean (a) location and (b) time-of-occurrence error for sources placed in the vicinity of the 

square network along the azimuth-square antenna network. (Quoted from [Koshak and Solakiewicz, 1996]) 

A simple approach to get the arrival time of a LEMP is to read the arrival time of the 

peak of the LEMP. In such an approach, the delay of the peak time of a LEMP 

waveform, which is mainly due to the increasing rise time of the LEMP waveform 

against distance especially in mountainous regions, may lead to significant errors in 

estimates of the occurrence time and source location of the LEMP. The evaluated peak 

time delay of a LEMP waveform propagating over 130 km seawater is found to be only 

about 1.8 μs, which is negligible [Honma et al., 1998]. Besides, the estimated arrival-

time of an LEMP is based on the arrival time of the peak and the trigger time, which is 

found to get smaller delay than the simple arrival time of the peak. Here, the estimated 

arrival-time is determined as an intersection of the zero level and extension of a line that 

connects the threshold-crossing point of the waveform and the point at the peak level 1.2 

μs prior to the peak time and named as “onset time”. Nowadays, this “onset time” 

method is employed in most TOA/MDF type LLNs.  

Some possible arrival time errors of TOA are discussed in reference [Schulz and 

Diendorfer, 2000]. Firstly, the random error, is inevitable in every location technology 
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but smaller in TOA than MDF; Secondly, the systematic error, is shown in some 

different aspects and caused by some reasons such as 1) the propagation path of the 

signal is elongated than ideal path because of unsmooth earth, 2) the propagation 

velocity is smaller than the speed of light because of finite ground conductivity (soil 

horizon and the vegetation layer on earth's surface), and 3) incorrect calculation of onset 

time. An elevation model for the earth is also proposed in the article to calculate the 

propagation effect of path elongation and is applied to correct the locations of return 

strokes by data from lightning strikes to high towers. As the corrections can only reduce 

a fraction of error, the authors boldly guess that the reduction of propagation velocity 

due to finite ground conductivity introduces the larger part of the arrival time error.  

Another analysis of the arrival-time error is given in [Lojou et al., 2011] based on 

lightning data collected in Global Lightning Detection network in a circular area  with a 

radius of 800 km, in which several correction methods by taking propagation effects into 

account are discussed. With the computed arrival-time delay for both the 6-sensor 

LS700x research LLN and the 9-sensor IMPACT LLN, a propagation correction based 

on a digital elevation model is applied to the experimental data of the two LLNs. It is 

found that the uncorrected IMPACT sensors have time errors in the range of 0.9 to 1.1 

μs, and after propagation correction the time errors are reduced by an average of 30-

50%, resulting in values between 0.5 and 0.8 μs. Some corrections of onset time are also 

discussed: 1) Simple linear extrapolation from the primary waveform peak back to a 

zero-amplitude; 2) Linear extrapolation back to zero from features on the rising edge of 

the wave-front. It is found that the estimated arrival time by the latter one is not affected 

by the LEMP wave shape, which is better for application. The combination of 
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propagation and onset time corrections for the LS700x sensors is found to produce 

significantly lower timing errors in the range of 0.25 to 0.35 μs.  

E(t)
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Ep

tp

0.1Ep

to

0.9Ep

 
Figure 2.5 Schematic diagram of LEMP. 

Figure 2.5 is the schematic diagram of LEMP. Two important parameters we discussed 

before are shown in the figure: one is amplitude of LEMP, which is usually used to 

represent peak electric field (𝐸𝑝) and calculate peak current (𝐼𝑝); another is onset time of 

LEMP (𝑡0), which is used to represent arrival time of LEMP.  

As we all know, onset time is difficult to determine and different calculation method will 

give different onset time. Figure 2.5 shows a commonly used method that onset time is 

determined as intersection of the straight line that connects 0.9𝐸𝑝 and 0.1𝐸𝑝 with time 

line. We can see from the figure, given two LEMPs with different amplitudes, the 

calculated onset time of lower-amplitude LEMP is later than higher-amplitude one, 

which means lower the peak electric field, later the arrival time. 
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Chapter 3 Method for evaluating the effect 

of earth surface on the propagation of LEMP 

with LLN data 

As is mentioned in Chapter 2, the effects of ground condition on LEMP may display in 

two aspects: amplitude and arrival time. Two new parameters are defined to describe the 

path effect of LEMP:  the “path effect coefficient” that is associated with the LEMP 

amplitude and the “arrival time delay” that is associated with the LEMP arrival time.   

In this chapter, a new approach based on statistical analysis of the LEMP amplitudes and 

its arrival times recorded by individual sensors in a LLN is proposed to estimate the 

spatial profiles of the two newly defined parameters for each sensor in the LLN. Then 

the approach is applied to a Chinese regional LLN- Yunnan LLN which consists of 25 

TOA/MDF sensors. 

3.1 Method for identifying the path effect on LEMP’s 

amplitude 

3.1.1 Basic idea 

The lightning return stroke is usually treated as a vertical electric antenna standing on 

conductive ground with impulsive current. The models based on this hypothesis and the 
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relationship between the lightning return stroke current and the electrical fields observed 

on ground at different positions from the lightning channel are expounded in Chapter 2.  

On the other hand, the lightning return stroke channel can be treated as a vertical electric 

dipole carrying impulsive current for the frequency bands whose wavelengths are much 

longer that the effective channel heights. For a TOA/MDF sensor operated at VLF/LF 

bands, this electric dipole model is applicable.  

For return stroke with an impulse current, 𝑖(𝑡), and an equivalent dipole length, 𝑙(𝑡), it 

can be decomposed into electric dipoles with different frequencies by forward Fourier 

transform, 

 𝐼(𝜔)𝐿(𝜔) = ∫ 𝑖(𝑡)𝑙(𝑡)𝑒−𝑖𝜔𝑡
+∞

−∞
𝑑𝑡 . (3.1) 

For a given electrical dipole at a frequency ω, according to the model of electric dipole, 

the electric field produced by it can be divided into three parts: electrostatic field 

(~
 

(𝑘 )3
), induction field (~

 

(𝑘 ) 
) and radiation field (~

 

𝑘 
), and its vertical electrical 

field E(𝜔) on ground at a distance r is,   

 𝐸(𝜔) =
𝐼(𝜔)𝐿(𝜔)𝑘3

4   𝜔
[
𝑖

𝑘 
+

 

(𝑘 ) 
 

𝑖

(𝑘 )3
] 𝑒−𝑖𝑘 , (3.2) 

where, 𝑘 =
𝜔

 
 is the wave number, c is the speed of light. 

The electric field’s change in time domain is then given by inverse Fourier transform,  
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 𝐸(𝑡) =
 

  
∫ 𝐸(𝜔)
+∞

−∞
𝑒𝑖𝜔𝑡𝑑𝜔.  (3.3) 

Formula (3.2) & (3.3) are true only when the LEMP propagates in air on smooth and 

conductive earth surface.  

In practice, there are at least three factors that may affect the LEMP amplitude detected 

by a sensor as:  

 Band gain Ab(ω) - a sensor’s bandwidth function, which is a function of the 

frequency (ω) and affects the shape and amplitude of the LEMP received by the sensor;  

 Site gain B - a site enhancement factor, which is usually a constant for a given 

sensor if its site environment keeps no change. It reflects the field enhancement due to 

terrain elevations and structures nearby the installation site of a sensor. The causes for 

site gain B are very similar to those for the “site error” for a MDF.  

 Path loss Aa (ω, σ, h) - a factor reflecting the path loss of the radiation field due to 

the ground roughness and limited ground conductivity, which is a function of the 

frequency (ω), ground conductivity (σ), ground roughness (h) and distance (r). 

Taking account of these three factors, (3.2) & (3.3) may be revised as  

 𝐸(𝜔) = 𝐵𝐴𝑏
𝐼(𝜔)𝐿(𝜔)𝑘3

4   𝜔
[
𝑖

𝑘 
𝐴𝑎 +

 

(𝑘 ) 
 

𝑖

(𝑘 )3
] 𝑒−𝑖𝑘 , (3.4) 

 𝐸(𝑡) =
𝐵

 
[

 

8    
∫ 𝐴𝑏 (𝐴𝑎

𝑖𝜔

  
+

 

  
 

𝑖

𝜔  
)

𝜔 

𝜔1
𝐼𝜔𝐿𝜔𝑒

𝑖(𝜔𝑡−𝑘 )𝑑𝜔] . (3.5) 
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Here, 𝜔  to 𝜔  is the bandwidth of receiver, which is usually slightly different from 

different sensors. 

For the case 𝑘𝑟 < 1, the LEMP depends on all three parts of electric field and different 

kind of electric field has different property at the LEMP’s amplitude and shape; but for 

the case 𝑘𝑟 ≫ 1 , only radiation field can arrive at sensor. Since it is difficult to 

distinguish the different effect of different kind of electric field on LEMP, and most of 

lightning strokes detected by real LLN have 𝑘𝑟 ≫ 1, only effect of radiation field is 

taken into account in this thesis. Formula (3.5) can be further simplified as 

 𝐸(𝑡) =
𝐵

 
(

 

8      
∫ 𝑖𝐴𝑎𝐴𝑏𝜔𝐼𝜔𝐿𝜔𝑒

−𝑖(𝑘 −𝜔𝑡)𝜔 

𝜔1
𝑑𝜔).  (3.6) 

Applying (3.6) to a LLN for prediction of the lightning strength (S) or peak current with 

the peak electric field (Ep) for a return stroke, we may define a formula as,   

 𝐸𝑝(𝑟) = 𝐵  𝐴  
 

 
 𝑆 , (3.7) 

where, B is the site gain, A is a path effect coefficient associated with the sensor 

bandwidth  𝐴𝑏 and the path loss 𝐴𝑎 as well as the current spectra. Obviously, A is no 

longer a constant but a function of sensor bandwidth, the ground conditions and the 

source distance.  

The site gain - B is supposed to be a constant for each sensor, the lightning strength S 

depends on individual lightning stroke, but the path effect coefficient - A (impact of 

band gain - 𝐴𝑎 and path loss - 𝐴𝑏) is complicated and affected by a variety of elements.  
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Most of existing studies of propagation of LEMP focused on the path loss factor  𝐴𝑏 

based on numerical simulations for some assumptions of earth surface conditions. The 

site gain B has also been discussed in few literature. But no one has ever tried to find the 

actual effect of propagation path on the amplitude of a LEMP based on LLN data in an 

experimental basis. In following sections, we propose a practical approach to examine 

both the B and A coefficients with the lightning data reported by a LLN. 

3.1.2 General Algorithm 

In a TOA/MDF type LLN, each sensor reports both the peak value and the time-of-

arrival of the LEMP. For a return stroke detected by 4 or more sensors, its location is 

determined based on the TOA technique with very good accuracy. Therefore, those 

LEMP peak values and source-sensor distances of 4-sensor detected lightning strokes 

may be used to evaluate the spatial distribution of the path effect coefficient A of a given 

sensor. 

1) Group the sensors and divide the research area. 

A LLN with multiple sensors may be grouped into many sub-networks each with 4 

sensors. Each sensor may be involved in several sub-networks. And the area covered by 

the LLN can be divided into many small cells each with a small size (say 5.5 × 5.5 km).  

2) Establish equations in a given cell for a given sub-network.   

For a given sub-network in a given cell, we define 
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𝐵𝑗 is the site gain for sensor j; 

𝐴𝑗,(𝑘,𝑙) is the path effect coefficient for sensor j at cell (k ,l); 

𝑟𝑗,(𝑘,𝑙),𝑚 is the distance from the lightning stroke m in (𝑘, 𝑙) cell to sensor j; 

𝐸𝑗,(𝑘,𝑙),𝑚 is the peak of LEMP of the stroke m in (𝑘, 𝑙) cell detected by sensor j; and   

𝑆(𝑘,𝑙),𝑚 is the real signal strength of the stroke m in (𝑘, 𝑙) cell. 

Here, 𝑚 = 1,…𝑀(M ≥2 for effective calculations); 𝑘, 𝑙 = 1…𝐻 and 𝑗 = 1,2,3,4.   

In general, the lightning signal strength is defined as the value of signal amplitude 

normalized to distance of 100 kilometers in a LLN. The measured signal amplitude can 

then be expressed as: 

 𝐸𝑗,(𝑘,𝑙),𝑚 = 𝐵𝑗  
 

 𝑗,(𝑘,𝑙),𝑚
 𝐴𝑗,(𝑘,𝑙)  𝑆(𝑘,𝑙),𝑚. (3.8) 

In practice, the measured values of all sensors are not in accordance with above 

expression because of the random and systematic errors (say 10%). 𝐸𝑗,(𝑘,𝑙),𝑚  and 

𝑟𝑗,(𝑘,𝑙),𝑚  are already known, with assumed 𝐵𝑗  and 𝐴𝑗,(𝑘,𝑙)  values, the stroke 

strength/current calculated based on the sensor j, 𝑆(𝑘,𝑙),𝑚,𝑗, is given by 

 𝑆(𝑘,𝑙),𝑚,𝑗 =
𝐸𝑗,(𝑘,𝑙),𝑚  𝑗,(𝑘,𝑙),𝑚

𝐵𝑗 𝐴𝑗,(𝑘,𝑙)
.  (3.9) 

Since the strength/current for each stroke should be the same to different sensors, we 
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define the average of the signal strength as: 

 𝑆(̅𝑘,𝑙),𝑚 =
 

4
∑ 𝑆(𝑘,𝑙),𝑚,𝑗
4
𝑗= . (3.10) 

And an objective function can be established as  

 𝑄 =
 

4𝑀
∑ ∑ (

𝑆(𝑘,𝑙),𝑚,𝑗−�̅�(𝑘,𝑙),𝑚

�̅�(𝑘,𝑙),𝑚×𝑚%
) 4

𝑗= 
𝑀
𝑚= . (3.11) 

The site gain Bj and Aj,(k,l) can then be found by minimizing the objective function Q in 

(3.11) for the M number of lightning strokes detected in (k, l) cell.  

3) Solve all the unknown A and B in a given cell for a given sub-network. 

In this study, the conjugate gradient method is adopted to minimize the objective 

function Q by optimizing the values of path effect coefficient 𝐴𝑗,(𝑘,𝑙) and site gain 𝐵𝑗. In 

other words, the Aj,(k,l) and Bj values that make the Q be the least are the solutions. The 

calculation error for A and B is given by the final least Q as  √𝑄min × 10%. In practice, 

due to errors of measured data Ej,(k,l),m, it is impossible to find out the absolute least 

value of Q. To avoid dead loop of computation, the computer is programmed to stop 

searching the least Q when the gradient of Q is less than 10
-4

. 

For a given 4-sensor sub-network for a given cell, there are 8 unknowns in the objective 

function Q. As the parameters A and B are inversely correlated, the actual unknowns are 

4. What we get by minimizing Q is actually the product of A and B. On the other hand, B 

as the site gain should be a constant for a given sensor for all cells. Parameter A as the 
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path effect coefficient should be 1 (i.e., no effect on the LEMP amplitude) when the 

return stroke is very close to the sensor. Therefore, the site gain B for a sensor can be 

found by applying (3.11) to a small circle area (say 15 km in radius) centered at the 

sensor, where the path effect coefficient A for the sensor is assumed as 1. Such a process 

for finding B can be repeated for all sensors. Once B for a sensor is obtained, it may be 

fixed and applied to other cells for finding the A. 

4) Repeat the above steps in all cells that got more than 2 strokes in this sub-network, 

we will get the site gain of each sensor and path effect coefficient in each cell of that 

sub-network, therefore the propagation function of the LEMP versus distance in that 

sub-network may be obtained.  

3.2 Method for identifying the path effect on LEMP’s 

arrival time 

As we know, for a TOA LLN, the difference of arrival time of a LEMP at an 

independent pair of TOA sensors defines a hyperbola. And the differences of arrival 

times of a LEMP at four independent sensors define three hyperbolic lines. Due to errors 

in the arrival time, intersection points of the three hyperbolic lines usually form a 

lightning location error ellipse. Generally the error ellipse center is supposed to be the 

most possible source location of the lightning stroke, which is described by longitude 

and latitude.  

For a given lightning stroke detected by 4 TOA sensors, we define, 
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𝑇0 is the real occurrence time of the lightning stroke; 

𝑇  is the optimal occurrence time of the lightning stroke based on the optimal lightning 

location calculated by the 4 TOA sensors and the arrival times at the four sensors. A 

LLN usually use this value as the occurrence time of a stroke; 

𝑇 𝑖 is the occurrence time of the lightning stroke based the optimal lightning location 

and the arrival time of the lightning stroke at  a specified sensor i;  

𝑇 𝑖 is the arrival time of the lightning stroke reported by specified sensor i. Here, time 

means the intersection point formed by extension cord of steep point tangent of return 

stroke pulse with the time axis (onset time); 

𝑆𝑖  is the ideal earth surface distance from the lightning stroke to specific sensor i, 

calculated by the longitude and latitude of detected stroke and that of the sensor; 

𝐷𝑖 is the real propagation path distance from the lightning stroke to specific sensor i, 

(i=1, 2, 3, 4), taking account the terrain elevation.  

In general, for a lightning electromagnetic wave propagates in a speed of v, there should 

be 

 𝑇0 = 𝑇 𝑖  
𝐷𝑖

 
.       (3.12) 

In actual situation in a TOA LLN, there is such hypothesis for prediction of the 

occurring time of a lightning stroke: 1) lightning electromagnetic wave propagates in 
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speed of light; 2) the propagation of lightning electromagnetic wave is not influenced by 

terrain. As a result, the occurring time of a stroke is associated to the arrival time at a 

specific sensor i by 

 𝑇 𝑖 = 𝑇 𝑖  
𝑆𝑖

 
. (3.13) 

The four 𝑇 𝑖  values of the same lightning obtained from different sensor are usually 

different from each other due to various errors. The optimal value of the four 𝑇 𝑖 values 

for the same stroke is usually taking as the stroke occurrence time T1 by a LLN. Taking 

the difference of the 𝑇 𝑖 to the 𝑇  as ∆𝑡𝑖, there will be, 

 𝑇 = 𝑇 𝑖  
𝑆𝑖

 
 ∆𝑡𝑖. (3.14) 

Here, ∆𝑡𝑖  is defined as the arrival time delay, or called the time-of-arrival error of a 

specified lightning stroke to a specified sensor i, which can be calculated by, 

 ∆𝑡𝑖   = 𝑇 𝑖  (𝑇 +
𝑆𝑖

 
). (3.15) 

In this equation, 𝑇 𝑖, 𝑇  and 𝑐 are already known, 𝑆𝑖 can be calculated by the longitude 

and latitude of detected stroke and that of the sensor.  
𝑆𝑖

 
  means the ideal propagation 

time along the path, 𝑇  is the reported occurrence time of a stroke by LLN. Ignore the 

error of  𝑇 , the expression in bracket shows the ideal arrival time. While 𝑇 𝑖 represents 

the reported arrival time of specified sensor i, so the gap between reported arrival time 

and ideal arrival time should be arrival time delay. 
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Combine equation (3.12) and (3.15), we will get 

 ∆𝑡𝑖   = (
𝐷𝑖

v
 
𝑆𝑖

 
) + (𝑇0  𝑇 ). (3.16) 

The expression in first bracket in (3.16) represents the influence of propagation (D and 

v) and location accuracy (S), the expression in second bracket represents influence of 

location accuracy (𝑇 ).  

Here are some possible causes of arrival time delay: 

1) The propagation speed of lightning ground wave v, due to ground vegetations and 

limited conductivity, may be smaller than the speed of light c. 

2) The surface of earth is not smooth, so the actual path D between two points may get 

longer than the ideal distance on smooth earth surface S.  

3) System error of TOA sensors. 

4) We can see from the Figure 1.3 and Figure 2.5 that when distance increases, the peak 

electric field of LEMP decreases. Due to the calculation algorithm of onset time, the 

onset time, which means reported arrival time, will be delayed with distance increasing, 

although the LEMP keeps the same shape. So the impact of lightning strength is also an 

important reason for arrival time delay. 

For a given TOA/MDF type LLN, repeating the calculation by equation (3.15) for all 

sensors and all strokes will provide the spatial distribution of the arrival time delay for 
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each sensor in the LLN, which can be used to improve the location accuracy in return.   
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Chapter 4 Results and analysis – path effect 

coefficient A 

4.1 Application to the Yunnan LLN 

4.1.1 Introduction of the Yunnan 25-sensor LLN  

The regional LLN used to test and verify the approach is consisted of 25 sensors, with 

23 sensors located in Yunnan province (sensor 00 to sensor 22) and 2 sensors in Guangxi 

province (sensor 23 and sensor 24), an adjacent province to the east of Yunnan (Figure 

4.1). Blue line in the Figure 4.1 (a) is river, dark line in the Figure 4.1 (a) is boundary 

line of province, and the color in the Figure 4.1 (b) represents the altitude of the place. 

This LLN used to be studied by Chen et al.[M.  Chen et al., 2011] to examine the 

effectiveness of a new detection efficiency estimation method, it is proved to be a stable 

system and with reliable data because of the good results. 
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(a) 

(b) 

Figure 4.1 The Yunnan LLN and its 25 sensors, the Yunnan sensors marked as 00 to 22, the Guangxi 

sensors marked as 23 and 24. (a) Sensor location map with boundary line of province; (b) sensor location 

map with altitude of the area. 

All 25 sensors were developed based on the TOA/MDF combined technique by the 

Research Center of Space Science and Application of Chinese Academy of Sciences, the 

locating arithmetic needs at least 2 sensors and at most 4 sensors receiving the lightning 
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electromagnetic signal reaching to their threshold values, i.e., if there are more than 4 

sensors catching the signal of a lightning return stroke, only 4 sensors are used for 

locating the stroke.  

The studied region is a rectangle with the longitude from 96° to 108° and the latitude 

from 20° to 30°. The lightning data used are those recorded in this region by the LLN in 

2008. The sensors detect and record all return strokes according to their parameters 

setting, no distinguish is made between the first and subsequent return strokes for CG 

lightning.  There were in total 1,063,786 return stokes recorded in 2008. Each record of 

the stroke was located by several sensors. Among the millions of return strokes, 474,510 

strokes were located by 4 or more sensors, 253,683 strokes by 3 sensors, and the others 

by 2 sensors. 

The data of the strokes located by 4 or more sensors are much accurate and reliable than 

others. In this study, only the strokes detected by 4 or more sensors are used. As I 

mentioned before, if there are more than 4 sensors catching the signal of a lightning 

return stroke, only 4 sensors are used for locating the stroke. So, for a stroke detected by 

more than 4 sensors, the 4 sensors used to locate the stroke by the system should be 

confirmed before the data can be used. 

The lightning data used are those recorded in this region by the LLN in 2008. As shown 

in Table 4.1, the lightning data is made up by two parts: detected parameters by single 

sensor and processed parameters by the sub-network. In this study, only 4-sensor located 

data are used. 
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For a single sensor, there are 12 parameters: as listed in Table 4.1, from left, the series 

number of sensor, the name of sensor, date (year-month-day), waveform arriving time 

(hour: minute: second), azimuth angle of stroke (north is 0° , clockwise to increase), 

magnetic field amplitude（A/m), electric field amplitude (kV/m), steep point value of 

the magnetic field（A/m), steep point time (0.1μs), rise time (0.1μs), zero passage time 

(0.1μs) and the cumulative number of strokes (calculate from 00:00 of each day of each 

sensor). 

Table 4.1 Example: data of a stroke located by 4 sensors 

10 Jiangcheng station 2008-01-03 21:30:52.7009002 215.80 0.78 -0.39 0.65 594 101 256 1 

22 Jinping station       2008-01-03 21:30:52.7012522 225.54 0.57 -0.39 0.46 574   81 228 1 

 8 Yuxi station            2008-01-03 21:30:52.7015607 218.17 0.55 -0.47 0.49 606 115 279 1 

20 Guangnan station  2008-01-03 21:30:52.7020144 221.38 0.63 -0.28 0.50 670   85 244 1 

3 2008-01-03 21:30:52.6997998 latitude=20.7403 longitude=100.4379 strength=95.3 gradient 

=12.1    error =76.2 location method: four station algorithm 

 

For the network results, there are nine processed parameters: also from left, the 

cumulative number of sensors (calculate from 00:00 of each day), date (year-month-

day), stroke occurring time (hour: minute: second), latitude (°), longitude (°), signal 

strength in 100 km (kA), gradient (kA/μs), location error and location method used.  

Table 4.2 shows the evaluation of some parameters. 
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Table 4.2 Evaluation of some parameters 

Parameter 

Stroke 

occurring time 

Location 

(latitude&longitude) 

Signal strength in 

100km 

Waveform 

characteristics 

Gradient 

Unit 0·1μs degree kA 0·1μs kA/μs 

Error <10
-7

s <300m <15% <10
-7

s <15% 

 

Here, the waveform arriving time and azimuth of strokes can be used to find out the 

exact 4 sensors that used to fix the location of strokes; the longitude and latitude of 

strokes can be used to calculate the distance between strokes and sensors; and positive 

or negative the lightning strength value can be used to distinguish the polarity of 

lightning flash. 

4.1.2 Model validation 

To estimate the site gain - B and path effect coefficient - A of each sensor, the 25 sensors 

in the Yunnan LLN is grouped into sub-networks each with 4 sensors. A sensor may be 

involved in several sub-networks.  

The area covered by the LLN can be divided into many small cells, each with a size of 

0.05° × 0.05°, resulting a total of  240 × 200 cells. Applying the algorithm described in 

Chapter 3.1.2 to the lightning strokes detected by a specified sub-network at a specified 

cell provides us the estimates of the coefficients A and B for the specified sensors at the 

specific cell. As mentioned in Chapter 3 before, a cell with less than two lightning 

strokes is ignored when doing the calculation. By repeating the calculation for all 
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possible sub-network at all cells with the 4-sensor located lightning strokes, the  site 

gain - B of each sensor and path effect coefficient - A in each cell for each sensor in the 

network are found.  

The results of the path effect coefficient A are given from three aspects: 

1) Spatial distribution of the path effect coefficient A versus the terrain topography 

for each sensor.  

After calculations for all sub-networks with the proposed method, the spatial distribution 

of the path effect coefficient of a specified sensor among all research area can be 

obtained by combinations of the results from all sub-networks containing this sensor.  If 

multiple A values for the same cell and same sensor are calculated from different sub-

networks, their average value is taken as the path effect coefficient for that sensor at that 

cell. The 3-D terrain topography is drawn by altitude data download from the Internet 

and the spatial resolution of the terrain topography is 500 m, while the spatial resolution 

for the path effect coefficient is 5.5 km. 

2) Average of path effect coefficient versus the distance to the sensor.  

For a specified sensor, the area surrounding the sensor is divided into a lot of ring belts 

with a belt width of 5.5 km in distance from the sensor. Then the calculated path effect 

coefficients for those cells belong to the same ring belt are taken the average. Repeating 

such a process for all ring belts for a given sensor gives the path effect coefficient versus 

the distance from the sensor.  
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3) Distribution of path effect coefficient along a specific earth path for a specific 

sensor in the LLN.  

For a specified sensor in specified sub-network, a special straight path with width about 

5.5 km is chosen with the terrain elevation along the path and the location of lightning 

strokes used for the calculation are shown. Meanwhile, the path effect coefficients 

calculated for cells along this special path for the specific sensor are plotted versus the 

distance to the sensor. Comparisons between the calculated path effect coefficients and 

the terrain elevation along this special path are helpful in understanding how the 

propagation path affects the amplitude of a LEMP.  For better comparison, the lightning 

strokes used for calculation are further divided into different groups based on their 

geographical locations, such as at mountain top, hillside, valley, flat ground and the 

water, and the path effect coefficient with higher spatial resolution along a special path 

are calculated and analyzed.  

4.2 The spatial distribution of the path effect coefficient 

versus the terrain topography for each sensor 

There were 8656 strokes (Figure 4.2) located by the sub-network consisting of sensors 

00, 01, 02 and 08 in 2008, named sub-network 00-01-02-08. It located the largest 

number of strokes among all sub-networks. Therefore, this sub-network is chosen as an 

example to examine the algorithm for finding the path effect coefficient A and site gain 

B with lightning stroke data. 
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Figure 4.2 Locations of lightning strokes detected by the sub-network 00-01-02-08. 

By supposing the path effect coefficient A is 1 in a circle area of a radius of 15 km 

surrounding  each sensor the site gain B for each sensor  in the sub-network 00-01-02-

08, is found as: 

B00=1.9797     B01=1.9535     B02=2.025     B08=1.9487 

The site gains for all other sub-networks have been obtained in a similar way used to the 

sub-network 00-01-02-08 in above. With the site gain of Sensor 00 being setting to unity, 

the site gain for of all sensors has been normalized and listed below:  

B00=1.0000    B01= 0.9868 

B02= 1.0229   B03= 1.0057 

B04= 1.0075   B05= 1.3386 

96 98 100 102 104 106 108
20

22

24

26

28

30

00
01

02

08

Longitude

L
at

it
u
d
e



58 

 

B06= 1.0350   B07= 1.0393 

B08= 0.9843   B09= 1.0236 

B10= 0.9689   B11= 0.9466 

B12= 1.0086   B13= 1.0354 

B14= 0.9810   B15= 0.9362 

B16= 0.6548   B17= 1.0400 

B18= 1.0670   B19= 1.0180 

B20= 1.0221   B21= 1.0714 

B22= 1.4494 

Here, site gains for Sensor 23 and Sensor 24 are not calculated because these two 

sensors were out of work in 2008 and there was no enough lightning stroke data 

collected for them. We can see from the above data, except sensors 05, 16 and 22, the 

site gain of each sensor, which is affected by the surrounding environment of the sensor, 

is different from each other but all are around 1. Based on Google earth, the sensors 05, 

16 and 22 are built in the meteorological stations in cities that are surrounded by 

buildings and modern electronic products. Therefore, the influence of the 

electromagnetic field enhancement by the station environment for these three stations is 

larger than that for other sensors. 
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Shown in following are the spatial distributions of the path effect coefficient A obtained 

for individual sensors for different sub-networks.  

Figure 4.3 shows the path effect coefficients for sensors 00, 01, 02 and 08 respectively, 

obtained from the sub-network 00-01-02-08. As seen from the figure, the path effect 

coefficient for senor 02 and sensor 08 shows an obvious attenuation as the distance 

increases, while that for sensor 00 and sensor 01 does not. The path effect coefficient 

values in all cells around a sensor are fluctuated from 0 to 2 and the majority of them are 

between 0.5 and 1.5. No conclusion can be drawn up only by the overall spatial 

distribution of the path effect coefficient of each sensor.  
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(b) for the sensor 01 

   
(c) for the sensor 02
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(d) for the sensor 08 

Figure 4.3 Spatial distribution of path effect coefficient for sensors 00 (a), 01(b), 02 (c) and 08 (d), 

respectively, obtained from the sub-network 00-01-02-08. 

Let’s take a look at the path effect coefficient of a specified sensor obtained from 

different sub-networks. 

Figure 4.4 shows the spatial distribution of detected lightning return strokes used for the 

calculation and the calculated path effect coefficient for  the sensor 00 based on the  sub-

networks of 00-01-02-04, 00-01-02-08, 00-01-06-08, 00-04-06-08, 00-02-04-06 and 00-

02-04-08, respectively. 
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(a-1) lightning strokes detected by sub-network 00-01-02-04  

  
 (a-2) path effect coeffiecient for sensor 00 from sub-network 00-01-02-04  
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(b-1) lightning strokes detected by sub-network 00-01-02-08 

  
(b-2) path effect coeffiecient for sensor 00 from sub-network 00-01-02-08 
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 (c-1) lightning strokes detected by sub-network 00-01-06-08 

   
(c-2) path effect coeffiecient for sensor 00 from sub-network 00-01-06-08 
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(d-1) lightning strokes detected by sub-network 00-04-06-08 

   
(d-2) path effect coeffiecient for sensor 00 from sub-network 00-04-06-08 
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(e-1) lightning strokes detected by sub-network 00-02-04-06 

   
(e-2) path effect coeffiecient for sensor 00 from sub-network 00-02-04-06 
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(f-1) lightning strokes detected by sub-network 00-02-04-08 

    
(f-2) path effect coeffiecient for sensor 00 from sub-network 00-02-04-08 

Figure 4.4 Spatial distributions of detected lightning return strokes and path effect coefficients of sensor 

00 calculated in sub-networks of 00-01-02-04 (a-1, a-2), 00-01-02-08 (b-1, b-2), 00-01-06-08 (c-1, c-2), 

00-04-06-08 (d-1,d-2), 00-02-04-06 (e-1,e-2) and 00-02-04-08 (f-1, f-2), respectively. 
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Combining the path effect coefficients of the sensor 00 calculated from different sub-

networks into one map and getting the average if multiple values are calculated in the 

same cell, the spatial distribution of the path effect coefficient over the whole researched 

area for the sensor 00 has been obtained, as shown in Figure 4.5.  

 
Figure 4.5 The spatial distribution of path effect coefficient of sensor 00 over whole researched area. 

Similar to the sensor 00, the spatial distribution of path effect coefficient over the whole 

researched area for each other sensor can be obtained in the same way.  Here, for clarity, 

only the results for the sensors 01, 06, 08 and 13 are shown in Figure 4.6 as examples. 

Because the sensor 00 is located in the center of the LLN, the amount of detected 

lightning strokes that can be used in the calculation is large and almost distributed all 

around the sensor 00 uniformly.  Accordingly, the cells with calculated path effect 

coefficient value for the sensor 00 make up a large portion of the coverage of the LLN. 
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In contrast, the areas with calculated path effect coefficient values for other sensors are 

not as large as that for the sensor 00. 

 
 (a) for sensor 01 
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 (b) for sensor 06 

  
(c) for sensor 08 
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(d) for sensor 13 

Figure 4.6 The spatial distribution of path effect coefficient over the whole researched area for (a) sensor 

01, (b) sensor 06, (c) sensor 08, and (d) sensor 13, respectively. 

Specifically, the sub-networks used for the calculation of the path effect coefficients for 

individual sensors are as following:  

Sensor 01: sub-networks 00-01-02-04, 00-01-02-08, 00-01-02-13, 00-01-06-08, 00-01-

07-08, 01-02-13-14; 

Sensor 06: sub-networks 00-01-06-08, 00-02-04-06, 00-04-06-08, 00-04-06-20, 04-05-

06-20, 06-09-19-20, 06-08-19-20, 06-08-19-22, 06-19-20-22; 

Sensor 08: sub-networks 00-01-02-08, 00-01- 06-08, 00-01-07-08, 00-02-04-08, 00-02-

07-08, 00-04-05-08, 00-04-06-08, 00-06-08-19, 00-06-08-20, 00-06-08-22, 06-08-19-

20, 06-08-19-22; 
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Sensor 13: sub-networks 00-01-02-13, 00-02-13-14, 01-02-13-14, 02-13-14-15, 13-14-

15-17, 13-15-17-18. 

4.3 Average of path effect coefficient versus the 

distance to the sensor 

Average of path effect coefficient versus the distance to the sensors 00, 01, 06, 08 and 

13 are shown in Figure 4.7. The scope of the discussed region is within 250 km around 

each sensor because the location accuracy and detection efficiency out of this area is 

much lower. 

  
(a) for sensor 00 
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(b) for sensor 01 

   
 (c) for sensor 06 
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(d) for sensor 08 

   
(e) for sensor 13 

Figure 4.7 Average of path effect coefficient versus the distance to the sensor. (a) for sensor 00, (b) for 

sensor 01, (c) for sensor 06, (d) for sensor 08, and (e) for sensor 13. 

Through the Figure 4.7, we can see that the path effect coefficient of each sensor is not 

always decreasing versus the distance but sometimes has even an increasing trend 

against the distance. This feature may be closely related to the complicated geography 

terrain conditions in the Yunnan LLN. 
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To examine the possible relationship between the path effect coefficient and the earth 

surface condition, some detailed analyses of the path effect coefficient along a specific 

path for a given sensor are made in next section. 

4.4 Distribution of path effect coefficient along a 

specific earth path for a specific sensor 

In this section, three different groups of paths in the sub-network 00-01-02-08 are 

selected to study the path effect coefficient A against the path terrain conditions 

including the terrain elevations and vegetation coverage etc.  

The three groups of paths or directions are: 

1) Direction from sensor 02 to sensor 08 for sensor 02 and that from sensor 08 to sensor 

02 for sensor 08 as shown in Figure 4.8;  

2) Direction 1 and direction 2 for sensor 00 as shown in Figure 4.9 a; 

3) Direction 1 and direction 2 for sensor 08 as shown in Figure 4.9 b.  
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(a)                                                                    (b) 

Figure 4.8 (a) Direction from sensor 02 to sensor 08 for sensor 02, (b) Direction from sensor 08 to sensor 

02 for sensor 08 

 
(a)                                                                    (b) 

Figure 4.9  (a) Direction 1 and direction 2 for sensor 00, (b) Direction 1 and direction 2 for sensor 08 

1) Path effect coefficients along the direction from sensor 02 to sensor 08 and that  

from sensor 08 to sensor 02 as in Figure 4.8 

Figure 4.10 shows the topography and vegetation coverage along the path from sensor 

02 to sensor 08.  Figure 4.11 shows the distribution of path effect coefficient along this 

path for (a) sensor 08 and (b) sensor 02 respectively. The error bars in the figure are 
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based on the calculation error = √𝑄 ∗ 10%. As we know that the path effect coefficient 

A includes the contributions of the band gain - 𝐴𝑎 and the path loss - 𝐴𝑏 . Theoretically, 

the path loss - 𝐴𝑏 should show a trend of decrease with the increase of the distance from 

the sensor for smooth surface. The band gain - 𝐴𝑎 , by modulation of the LEMP peak 

amplitude, shows a sinusoidal change with the distance from the sensor. Besides, the 

surface elevation and vegetation coverage may add additional changes to the path loss. 

This may explain why the path effect coefficient along the specific path in Figure 4.11 

shows a general trend of decease with increase of distance but modulated by a sinusoidal 

wave change and superposed with some fluctuations.  
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Figure 4.10 The topography and vegetation coverage s along the path from sensor 08 to sensor 02 

 
Figure 4.11 The distribution of path effect coefficient along the path between the sensor 02 and sensor 08 

for (a) sensor 08 and (b) sensor 02 

For path loss - 𝐴𝑏 , apparently, on the same path, the ground conductivity, 

ground roughness, and vegetation layers are also the same. Assuming the system band 
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gain -𝐴𝑎 are similar to all sensors, then the resultant path effect coefficient against the 

distance to the sensor (along the same path) for sensor 02 and that for sensor 08 should 

be similar to each other. This feature is more or less shown by the Figure 4.12 (a). 

Figure 4.12 (b) shows that the path effect coefficient of sensor 02 and sensor 08 in the 

same cell increases or decreases in opposite direction rather than in the same direction. 

This seems to be strange but it is consistent to Figure 2.2, that is, for a hill or mountain 

the path effect coefficient increases at slope front and decreases at slope back, which is 

the so-called Millington effect.  

For band gain - 𝐴𝑎, the distribution of path effect coefficient of sensor 02 and sensor 08 

both look like been modulated by a sine wave with a wavelength of about 100~120 km 

(Figure 4.12 a). This will be discussed later. 
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Figure 4.12 Comparison of path effect coefficients of sensor 02 and sensor 08 along the same path 

between them. (a) Distribution of path effect coefficients by distance to each sensor. (b) Comparison of 

path effect coefficient of sensor 02 and sensor 08 in the same cell. 

Next, the factors of cell itself, like ground conductivity, ground roughness, and 

vegetation layers will be discussed by research on second group of directions. 

2) Path effect coefficients along direction 1 and direction 2 for sensor 00 as in 

Figure 4.9 (a) 

As shown in Figure 4.9 (a), these two paths are almost parallel to each other. These 

paths are chosen because the topography changes and vegetations along them are 

similar, that is the ground conductivity, ground roughness, and vegetation layers are 

similar to each other’s but not exactly the same. 
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Figure 4.13 Detected electric field peak (relative value) around sensor 00. 

Figure 4.13 is the distribution map of detected lightning produced electric field peak 

around sensor 00. The electric field peak drops faster in close distance and more and 

much slower with the distance increasing, which looks consistent with the theory.  

 Figure 4.14 (a) shows the topography changes and vegetations along the path of 

direction 1 in Figure 4.9 (a), and Figure 4.14 (b) is the distribution of path effect 

coefficient A of sensor 00 along that path. Figure 4.15 (a) shows the topography changes 

and vegetations along the path of direction 2 in Figure 4.9 (a), and Figure 4.15 (b) is the 

distribution of  path effect coefficient A of sensor 00 along that path.  

101 102 103 104 105
23

24

25

26

27

Longitude

L
at

it
u
d
e

 

 

0

5

10

15

20

00



82 

 

 

 
Figure 4.14  (a) The topography changes and vegetations, (b) path effect coefficients of sensor 00, along 

the path of direction 1 in Figure 4.9 (a). 
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Figure 4.15 (a) The topography changes and vegetations, (b) path effect coefficients of sensor 00, along 

the path of direction 2 in Figure 4.9 (a). 

For path loss - 𝐴𝑏, ground conductivity, ground roughness, and vegetation layers can be 

reflected from Figure 4.14 (a) and Figure 4.15 (a). By comparison with the Figure 4.14 

(b) and Figure 4.15 (b), it is found that: a) Effect of ground roughness (h). Higher the 

land, bigger the path effect coefficient A (less path loss) relatively, lower the land, 

smaller the path effect coefficient A (more path loss). This is because the location of the 

sensor 00 is not high enough and a lightning stroke occurred in the valley between two 

mountains must face to the serious attenuation when it goes over the mountains before it 

can be detected. b) Effect of conductivity (σ). The path effect coefficient A of the cell 

with farm land gets higher value than other lands. Due to the special climate and terrain 
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in Yunnan, the farm lands are terraces and mostly the rice, so there is a lot of water 

covering the farm lands. The conductivity of water is higher than bare land and forest, 

so the path loss of farm land will be smaller (the path effect coefficient A will be higher) 

than others because the higher conductivity, the lower attenuation. 

For band gain -𝐴𝑎, as shown by Figure 4.14 (b) and Figure 4.15(b), the distribution of 

the path effect coefficient for sensor 00 also seems to be modulated by a sine wave  with 

a wavelength about 100~120 km, similar to  that for sensor 08 in Figure 4.11. This is 

because that the LEMP waveform usually has a much wider energy spectrum, say from 

100 Hz ~ 1 MHs, while the bandwidth of electromagnetic field sensor in this LLN is 

only about 3 kHz ~ 30 kHz. The frequencies higher than 30 kHz and that lower than 3 

kHz are all abandoned. Lightning impulse peak is determined by combination of 

amplitudes and phases of all single frequency. According to the observed spectrum of 

lightning produced electric field, the waveform of the pulse is mostly dominated by 

lower frequencies. In addition, higher frequency wave attenuates faster [Apaydin and 

Sevgi, 2010]. So the waveform received by the sensor in this LLN is more or less 

dominated by the cut-off low frequency of the sensor bandwidth, the 3 kHz. The 

wavelengths of modulated sine wave of sensor 02, sensor 08 and also the sensor 00 are 

all about 100~120 km, which is basically consistent with the proposed dominant 

frequency, the 3 kHz.  

3) Path effect coefficients along direction 1 and direction 2 for sensor 08 as in 

Figure 4.9 (b)  

The research on the third group of paths is to further verify the results derived from the 
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previous two groups of paths. The two paths in the third group are at quite different 

directions, as shown in Figure 4.9 (b).  

 
Figure 4.16 Path effect coefficient of sensor 08. (a) Along the path of direction 1, (b) along the path of 

direction 2, as shown in Figure 4.9 (b). 

The results are very similar with the above two groups, which are shown in Figure 4.16. 

All the analyses of path effect coefficient for the three groups of paths in above are 

based on a spatial resolution of about 5 km. To distinguish the possible path effect 

between a mountain peak, valley, and its front and back slopes, following analysis with 

an improved approach is carried out. 

Figure 4.17 shows the geography terrain and the distribution of lightning stroke 

locations along a specific path, as well as path effect coefficients calculated with these 
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lightning strokes for the sensor 00. Figure 4.17 (a) shows the specific path chosen for 

this analysis, and Figure 4.17(b) shows the terrain elevation along the path. The 

lightning stroke locations are also marked in Figure 4.17 (b) with “*”, where a same 

color “*” represents the strokes in a same cell, and the adjacent cell used different color 

“*”. As the lightning strokes in the same cell (5.5 × 5.5 km) may be located at quite 

different places of a mountain, they are further grouped based on their locations at the 

maintain top or valley etc. With such a grouping of the lightning strokes, the path effect 

coefficient for the sensor 00 at specific places such as the maintain top and valley are 

calculated and the results are shown in Figure 4.17 (c). 
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(b) 

 (c) 

Figure 4.17 Path effect coefficient of sensor 00 along a specific propagation path. (a) Illustration of the 

propagation path chosen, (b) the geography terrain and distribution of lightning stroke locations used for 

the calculation along the path, and (c) the path effect coefficients along the path for sensor 00. 

As we can see from the Figure 4.17, the path effect coefficient value has a very close 

relationship with the path altitude: larger value at mountain top, smaller value at valley 

and keeps constant value at flat ground. As mentioned in the above paragraph, lightning 

strokes occurred in the same cell may have different geography situation, such as 

mountain top, slope front hillside, slope back hillside and the valley. For example, in the 

cell of longitude from 103 to 103.05, there are 5 strokes at the mountain top, 2 strokes at 

valley and 6 strokes at slope back hillside. The path effect coefficients for these strokes 

are separately calculated and the results are: mountain top 0.8183, slope back hillside 
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1.0082 and valley 0.9766. In another cell of longitude from 103.1 and 103.15, there are 

8 strokes at the mountain top, 4 strokes at slope front hillside and 5 strokes at valley, and 

the calculated path effect coefficients are 1.0422 at maintain top, 0.9588 at slope front 

and 0.5741 at the valley. These results also show that the cell size (5.5 × 5.5 km) we 

used in previous sections is too large so that the calculated results are too rough which 

can only show a general trend. If there is much more enough lightning data, we should 

divide the area into much smaller cells and the results must be more accurate.  
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Chapter 5 Results and analysis – the arrival 

time delay 

5.1 Application to the Yunnan LLN 

With the equation (3.15) and the lightning data observed by the Yunnan 25-sensor LLN, 

the arrival time delay of a specified lightning stroke to a specified sensor is calculated 

for all 4-sensor detected lightning strokes and all sensors in the LLN. The results are 

presented based on following three aspects: 

1) The spatial distribution of the arrival time delay versus the 3-D terrain 

topography for each sensor.  

In the calculation, the area covered by the LLN is divided into many small cells, each 

with a size of  0.005° × .0005°, i.e. about 550 m × 550 m. If there is more than one 

lightning stroke in a cell available for the calculation, the average arrival time delay of 

these strokes to a specific sensor is taken as the arrival time delay of a lightning stroke 

in the cell to the sensor. A cell without lightning stroke available for the calculation will 

be skipped from the calculation.  The results for a specific sensor are then presented in 

3-D dimensions (longitude, latitude, color). For comparison, the 3-D terrain topography 

around the correspondent sensor is also presented. The spatial resolution for the arrival 

time delay is about 500 m, while that for the terrain topography is about 1 km. 
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2) Average of arrival time delay versus the distance to the sensor.  

For a specified sensor, the area surrounding the sensor is divided into a lot of ring belts 

with a belt width of 1 km in distance from the sensor. Then all the calculated arrival time 

delays in those cells belong to the same ring belt are taken the average. Repeating such a 

process for all ring belts for a given sensor gives the arrival time delay versus the 

distance to the sensor.  

3) Distribution of arrival time delay along a specific earth path for a specific sensor. 

For a specified sensor, a 2 km wide belt specific straight path in radial from the senor is 

chosen for detailed study. All the arrival time delays calculated for cells within the 

chosen straight path are plotted against their distance to the sensor. For comparison, the 

earth surface elevation profile of the corresponding straight path is also presented. 

Following are some results and analyses of the arrival time delay versus the earth 

surface topography. 

5.2 Spatial distribution of the arrival time delay versus 

the terrain topography for individual sensors 

Figure 5.1 shows the arrival time delay calculated for sensor 00 over the research area. 

Due to lacking of the number of lightning strokes, some cells are with no appropriate 

arrival time delay values estimated, as shown in the Figure 5.1 (a).  By interpolation of 

the values in Figure 5.1 (a), a new distribution of the arrival time delay covering the 

whole area is obtained, as shown in the Figure 5.2 (b).   
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(a)

(b) 

Figure 5.1 Distribution of the arrival time delay over on the research area for sensor 00. X axis is 

Longitude and Y axis is Latitude, and color represent the value of the arrival time delay. (a) Data without 

interpolation, 500 meters a point, and (b) data with interpolation based on the data in (a). 

According to the performance of this LLN presented in [M.  Chen et al., 2011], the 

detection efficiency and location accuracy of each sensor in this LLN decrease sharply 

out 200 km. The result out of 200 km is not reliable, so only the results within 150 km 

are shown in following for detailed analysis.  
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(a)

 (b) 

Figure 5.2 Distribution of the arrival time delay for sensor 00 within about 150 km. (a) Data without 

interpolation, and (b) data with interpolation. 

On the other hand, as is shown in Figure 5.2, the arrival time delay for sensor 00 

increases via distance but it is not isotropous. This indicates that the arrival time delay 

may be also related to the terrain. Figure 5.3 shows the comparison of the distribution of 

the arrival time delay and the ground terrain topography in the same area around sensor 

00 within about 150 km. 

app:ds:isotropous
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(a)

 (b) 

Figure 5.3 Comparison of the distribution of the arrival time delay and the ground terrain topography in 

the same area within about 150km for sensor 00. (a) Distribution of the arrival time delay, and (b) the 

ground terrain topography around sensor 00. 

At least three characteristics can be clearly seen from the Figure 5.3:  
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1) The value of the arrival time delay has a general trend of increase with the increase of 

the distance from the sensor;  

2) The value of the arrival time delay for a place where its topography changes greatly 

increases faster that where is open and flat, such as the area between longitude from 

102° to 103° and latitude from 26° to 26.5°, and vice versa;  

3) In addition, the arrival time delay has a particular high value nearby sensor 00. This 

may be contributed the mountainous area nearby the sensor site.  

Are these phenomena the common characters of the arrival time delay or just the 

specialty for this sensor 00? As examples, the comparison of the arrival time delay with 

the ground terrain for sensors 01, 02, 06, 08 and 13, are listed in Figure 5.4 to Figure 

5.8, respectively. 
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(a)                                

(b) 

Figure 5.4 Comparison of the arrival time delay and the ground terrain in the same area within 150 km for 

sensor 01. (a) Arrival time delay, and (b) Ground terrain around sensor 01. 
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(a)                                                      

(b) 

Figure 5.5 Comparison of the arrival time delay and the ground terrain in the same area within 150 km for 

sensor 02. (a) Arrival time delay, and (b) Ground terrain around sensor 02. 
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(a)                                                 

(b) 

Figure 5.6 Comparison of the arrival time delay and the ground terrain in the same area within 150 km for 

sensor 06. (a) Arrival time delay, and (b) Ground terrain around sensor 06. 
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(a)                                                 

(b) 

Figure 5.7 Comparison of the arrival time delay and the ground terrain in the same area within 150 km for 

sensor 08. (a) Arrival time delay, and (b) Ground terrain around sensor 08. 
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(a)                                                 

(b) 

Figure 5.8 Comparison of the arrival time delay and the ground terrain in the same area within 150 km for 

sensor 13. (a) Arrival time delay, and (b) Ground terrain around sensor 13. 

As we can see, the arrival time delay for sensors 01, 02, 06, and 08 also show the three 

characteristics as that for sensor 00.  
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These three characteristics can be explained by the same reason. Because of the rough 

ground, the propagation path of a LEMP wave gets longer than on smooth a ground. For 

example, the sensor 00 is located at the hillside, if a lightning stroke hit the top of the 

hill that is 2 km high, although the straight horizontal distance between the stroke and 

the sensor is 2 km, the real propagation path of electromagnetic wave of the stroke to the 

senor is 2.83 km, resulting in an arrival time delay of about 2.8 μs in comparison with 

the 2 km distance. Longer the distance over a rough ground, larger arrival time delay of 

the LEMP to a sensor; and with the decrease of peak electric field, more onset time 

delay.  

5.3 Average of the arrival time delay versus the source-

sensor distance for individual sensors 

In order to find out the factors other than the terrain elevation that may affect the arrival 

time delay of a LEMP to a sensor, the average of the arrival time delay against the 

distance for a specific sensor is explored and analyzed.  Figure 5.9 shows the average of 

the arrival time delay via distance for sensor 00 in a range of 600 km (the whole 

research area).  
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(a)                                                                        (b)                                         

Figure 5.9 Average of the arrival time delay versus distance for sensor 00 in a range of 600 km. (a) 

Average arrival time delay calculated when the number of strokes in a ring is 1 or more; (b) Average 

arrival time delay calculated when the number of strokes in a ring is 3 or more. 

As we seen in Figure 5.9, the average arrival time delay is almost increasing in line with 

the increase of the distance, while the distribution is scattered very much when the 

distance is larger than 200 km. This may be due to the lower location accuracy and 

detection efficiency of the sensor at large distance, as pointed in [M.  Chen et al., 2011]. 
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(a)                                                       (b)         

Figure 5.10 Average arrival time delay for sensor 00 versus distance within 150 km. (a) Average arrival 

time delay calculated when the number of strokes in a ring is 1 or more; (b) Average arrival time delay 

calculated when number of strokes in a ring is 3 or more. 

Figure 5.10 shows the average arrival time delay for sensor 00 within the range of 150 

km, where panel (a) has some singular points, but panel (b) is good and linear. Since the 

result calculated by 3 or more strokes in an equal-distance ring is less scattered (with 

less random errors), the pictures used in following analyses are all in this type.  
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(a)                                   (b)                                

  
(c)                                               (d)                                    
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 (e)                                (f) 

Figure 5.11 Average arrival time delay of each sensor versus distance in a range of 600 km, calculated 

when there are 3 or more strokes in an equal-distance ring. (a) Sensor 00; (b) sensor 01; (c) sensor 02; (d) 

sensor 06; (e) sensor 08; and (f) sensor 13. 

 
(a)                                                                   (b) 
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(c)                                                              (d) 

 
(e)                                                               (f) 

Figure 5.12 Average arrival time delays for each sensor versus distance in a range of, calculated when 

there are 3 or more strikes in an equal-distance ring. (a) Sensor 00; (b) sensor 01; (c) sensor 02; (d) sensor 

06; (e) sensor 08; and (f) sensor 13. 

Figure 5.11 and Figure 5.12 indicate that the average arrival time delay versus distance 

for individual sensors has following common characteristics:   

1) The arrival time delay is always greater than 0, and has a basis value between 0.5 and 



106 

 

1. For sensor 00, the basis value is 0.6455 μs; 

2) The arrival time delay is particular big within 10 km, which is similar to the result in 

Chapter 5.1;  

3) The arrival time delay out of l0 km but near the sensor is increasing  linear in general, 

for sensor 00, a line progression (10km<distance<120) gives a trend of y = 

0.0174x+0.6455 μs;  

4) Those points out of 200 km become divergent, which indicate that the detection 

accuracy of the senor is poor after 200 km. 

To get insight how the terrain affect the arrival time delay, a comparison of the average 

arrival time delay versus distance with the average terrain elevation versus distance for 

sensor 00 is done. The results are shown in Figure 5.13.   
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Figure 5.13 Comparison of average arrival time delay and average terrain elevation versus distance for 

sensor 00, in a range of 250 km. Left coordinate is the arrival time delay in μs, right coordinate is the 

terrain elevation in meter above sea level. 

As can be seen from Figure 5.13, the average arrival time delay changes independent of 

the average ground altitude. So it can concluded that the basis value of arrival time delay 

is due to the system error of the TOA sensor and the linear increase may be because the 

actual propagation speed (v) of the lightning ground wave over rough grounds is less 

than the speed of light (c) that is used in this LLN. For sensor 00, y = 0.0174x+0.6455, 

in comparison with equation (3.16), suppose D = S, then  
 

 
 
 

 
= 0.0174 in μs/km, 

gives v = 0.995c, and the TOA error of sensor 00 is 𝑡0  𝑡 = 0.65 μs. The propagation 

speed of electromagnetic wave in the air is equal to speed of light. But ground wave 

does not propagate only in the air, the vegetation over earth surface may affect the 

propagation speed. When a LEMP propagating over a forest, it may get extra 

polarization on tree trunks, which affects the equivalent dielectric constant thus affects 

the LEMP group velocity there. Besides, different vegetation will get different 

0 50 100 150 200 250
0

2

4

Distance from location of lightning to sensor 00 (km)

A
rr

iv
al

 t
im

e 
d
el

ay
 (

μ
s)

 

 

0 50 100 150 200 250
1500

2000

   Arrival time delay (μs)

   Altitude (m)



108 

 

conductivity and equivalent dielectric constant. There are too many mountains and 

forests in Yunnan LLN area, where influence of vegetation is an important reason for 

arrival time delay. 

5.4 Distribution of the arrival time delay along a 

specific earth path for a specific sensor 

 
Figure 5.14 Comparison of arrival time delay and ground altitude along a specific path across the research 

area, for sensor 00. 
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Figure 5.15 Comparison of arrival time delay and ground altitude along a specific path, centered at sensor 

00 in a range ±150km, for sensor 00. 

In order to study more about the arrival time delay against the terrain elevation, Figure 

5.14 and Figure 5.15 are drawn. The figures show the comparison of the arrival time 

delay and the ground altitude along a specific path for sensor 00. It is distinctly that 

when the terrain changes a lot, arrival time delay increases rapidly and scattered, which 

indicates that the arrival time delay is also sensitive to local terrain elevations.  
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Chapter 6 Possible applications of the 

results and discussions 

In this chapter, some possible applications based on former results are put forward in 

two parts: practical and theoretical aspects. Some possible works that can be continued 

in the future are also summarized. 

1) On the path effect coefficient 

In general, the lightning signal strength (S) is defined as the value of signal amplitude 

normalized to distance of 100 kilometers in a LLN in ideal. The installation environment 

and the geographical condition influencing the lightning signal strength and its 

propagation are not taken into account. When the real site gain and the path effect 

coefficient are obtained, they can be used to correct the lightning signal strength 

estimated by the LLN based on ideal conditions.  According to the equation (3.7),  

 𝐸𝑝(𝑟) = 𝐵  𝐴  
 

 
 𝑆 . (3.7) 

We may have 

 𝑆 =
𝐸𝑝( )  

𝐵 𝐴
 . (6.1) 

For a specific lightning stroke in a specific cell to a specific sensor, 𝐸𝑝(𝑟), r, B and A are 

all known, S can be easily calculated and this correction method is very easy to add to 
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LLN positioning calculation process. 

2) On the arrival time delay 

Here is the expression of arrival time delay 

 ∆𝑡𝑖   = (
𝐷𝑖

 
 
𝑆𝑖

 
) + (𝑇0  𝑇 ). (3.16) 

The expression represents the influence of propagation (D and v) and location accuracy 

(S and 𝑇 ).  Generally, 𝐷𝑖 > 𝑆𝑖, v <  𝑐, results in the term in the first bracket of equation 

(3.16) > 0. And based on the results in Chapter 5, the basis value of the arrival time 

delay comes from the TOA system error, i.e. term (𝑇0  𝑇 ), which is larger than zero. 

So the occurring time of a stroke calculated by the LLN is usually earlier than the actual 

lightning occurring time.  

As we know, the time error will affect the location accuracy. Above results provide us 

the arrival time delay in each cell for each sensor (∆𝑡𝑖), the propagation speed of the 

lightning electromagnetic wave (v), the true propagation path of lightning (𝐷𝑖), the real 

lightning stroke occurring time can then be corrected by  

  𝑇0 = 𝑇 + ∆𝑡𝑖   (
𝐷𝑖

 
 
𝑆𝑖

 
). (6.2) 

Here, the equivalent propagation speed of a LEMP around each sensor can be calculated 

as shown in Chapter 5.3, and the ground wave equivalent propagation path length can 

also be read from the Google earth. The real occurring time of stroke can be found with 

equation (6.2). But for the same lightning stroke, the corrected occurring time from each 
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sensor that detected the stroke will still have differences, just with a more narrow error 

ellipse. Take new occurring time as T2i in Equation 3.13, this correction process can be 

repeated until the error ellipse cannot diminish any more. 

3) On the significance of the present work  

The study of the propagation of LEMP has been started and continued for several 

decades. More and more researchers are devoted to this area in recent years and they 

have done a lot of valuable works in simulation of propagation of ground waves. The 

present study discussed the real propagation of the LEMP based on an experimental 

mode and found some phenomena that haven’t appeared in previous simulation 

methods. The results can help us much more deeply understand the physical 

characteristics of the LEMP. 

4)  On the future of the present work 

The present study has an important but unsolved problem - the reliability of the 

calculation hasn’t be verified. In the future, we can design a kind of simulation based 

model such as the FDTD for electromagnetic waves: with assumed LEMPs propagating 

over the actual 3-d terrain and vegetation layer coverage and considering the bandwidth 

of the sensor. The simulation results can be compared with the experimental results 

shown in present study. Such a mutual comparison between simulations and experiments 

will be much more helpful in both practical and theoretical aspects. On the other hand, 

we can apply the algorithm into another year’s lightning data in the same LLN to see 

whether the result is self-consistent. If the path effect coefficient and arrival time delay 
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distributions are almost the same between two years, it will mean that the approach 

proposed in present study is reliable. 
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Chapter 7 Conclusions 

In recent decades, in order to detect and locate lightning in wide range so that one can 

forecast and warn people of approaching possible lightning risks, the lightning location 

network (LLN) has been world-widely used. Among them, the LLNs based on the TOA 

and MDF combined technique are mostly popular because of their high detection 

efficiency and location accuracy of lightning return strokes.  

This TOA/MDF type LLN provides abundant lightning data every year, which can be 

used in meteorology, electric power grid and scientific research area. Specifically, the 

peak current of a lightning return stroke is usually predicted by the amplitude of 

lightning-produced electromagnetic impulse (LEMP). The prediction is based on an 

assumption that the peak current is proportional to the product of the LEMP amplitude 

and the source-sensor distance. However, both theory and rocketed-triggered lightning 

data show that the assumption needs to be further discussed. The effect of earth path on 

LEMP propagation was gradually realized and studied by researchers. But almost all of 

the researchers focused on the simulations of different models theory, and gave analysis 

on the spatial distribution of propagation affected by distance, the path conductivity, 

ground roughness and land-to-sea mixed path impact. 

In this study, an experimental approach was firstly proposed to identify the effect of real 

earth path on the LEMP amplitude and arrival time based on large amount of LLN’s 

data. The approach was applied to a 25-station TOA/MDF type LLN and promising 

results were obtained.  
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1) Two coefficients that reflect the effect of propagation path on the LEMP amplitude 

and arrival time were defined and named as “path effect coefficient” and “arrival time 

delay” respectively. It was found that the path effect coefficient and arrival time delay 

varied significantly for lightning strokes occurring at different distance and direction to 

a given sensor.  

2) Theoretical analysis shows that the path effect coefficient might be the results of the 

ground roughness and conductivity as well as the bandwidth of the sensor, while the 

arrival time delay might be the results of the ground roughness and LEMP propagation 

speed.  

3) The findings have many applications in the future. It will encourage people to find 

out the gap between the real situation and the simulation so that to promote the 

development of simulation of LEMP propagation over earth surfaces. Besides, the 

results are helpful to practically the correction of lightning peak current, occurring time 

and stroke location reported by a LLN, and theoretically the understanding of insights of 

electromagnetic pulses propagating over earth surface.  
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