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ABSTRACT 

Lightning is an electrical discharge that happens during thunderstorms. The 

discharge type can be either within cloud (IC), cloud-to-cloud, or cloud-to-ground 

(CG). The characterisation of a discharge activity based on the analysis of the 

measured electric field is widely studied in various geographical conditions. The 

technique of locating a CG flash is also widely researched. However, little is known 

on the discharge characteristics in equatorial and tropical regions, such as those 

associated with preliminary breakdown pulses (PBPs) and return strokes (RSs). 

Similarly, improvements can still be made on Lightning Locating Systems (LLSs), 

especially those using the time of arrival (TOA) technique.  In particular, the operation 

of a three-station LLS to correctly locate a CG flash is very much desired to be proven. 

This work aims to obtain and analyse the lightning discharge characteristics in 

Malaysia. The work also proposes a new TOA based technique to correctly locate a 

CG flash using only three measuring stations. Measurements had been made in 

southern Malaysia using a purposely designed lightning detection system comprising 

a broadband antenna. A three-station TOA based LLS had also been implemented. The 

new TOA based technique was developed using the three-station LLS modelling in 

Matlab and artificial neural network (ANN). A discrete wavelet transform based 

technique was successfully developed to classify the discharge type. Self-Organizing 

Maps and Levenberg–Marquardt algorithms can identify the correct strike position 

with 2.5% error. The trained ANN engine was used to determine flash locations in a 

400 km2 region. The three-station LLS gives superior results in terms of detection 

accuracy and efficiency when compared with those measured by Malaysian 

Meteorological Department. 
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ABSTRAK 

Kilat adalah discas elektrik yang berlaku semasa ribut petir. Discas berlaku di 

dalam awan (IC), awan ke awan, atau awan ke bumi (CG). Pencirian aktiviti discas 

berdasarkan analisis medan elektrik yang diukur telah dikaji dengan meluas dalam 

pelbagai keadaan geografi. Teknik penentuan lokasi kilat CG juga dikaji dengan 

meluas. Walau bagaimanapun, sedikit yang diketahui berkaitan pencirian discas di 

kawasan Khatulistiwa dan tropika, seperti yang berkaitan dengan denyutan pecahtebat 

awal (PBPs) dan panahan balik (RSs). Penambahbaikan juga masih boleh dibuat ke 

atas Sistem Lokasi Kilat (LLSs), terutamanya yang menggunakan teknik masa 

ketibaan (TOA). Khususnya, operasi LLS tiga-stesen untuk penentuan lokasi kilat CG 

secara tepat amat dikehendaki untuk dibuktikan. Kajian ini bertujuan untuk mendapat 

dan menganalisis ciri discas kilat di Malaysia. Kajian ini juga mencadangkan satu 

teknik baru berasaskan TOA untuk menentukan lokasi kilat CG secara dengan hanya 

menggunakan tiga stesen pengukur. Pengukuran telah dibuat di selatan Malaysia 

menggunakan sistem pengesanan kilat yang telah direka menggunakan antena jalur 

lebar. LLS tiga-stesen berasaskan TOA telah dilaksanakan. Teknik baru berasaskan 

TOA telah dibangunkan menggunakan pemodelan LLS tiga-stesen menggunakan 

Matlab dan rangkaian neural buatan (ANN). Satu teknik berasaskan jelmaan wavelet 

diskret untuk mengklasifikasikan jenis discas telah berjaya dibangunkan. Algoritma- 

algoritma Self-Organizing Maps and Levenberg–Marquardt boleh mengenal pasti 

kedudukan panahan dengan ralat 2.5%. Enjin ANN terlatih telah digunakan untuk 

menentukan lokasi kilat di sesebuah kawasan seluas 400 km2. LLS tiga-stesen 

memberikan keputusan yang lebih baik dari segi ketepatan dan kecekapan pengesanan 

berbanding data dari Jabatan Meteorologi Malaysia. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

Lightning can cause harm to both human lives and properties. A readily 

available system for detection and warning of an incoming lightning storm is therefore 

very useful. Public individuals scarcely own or install the lightning detection systems. 

It is a major disadvantage if the public is unable to receive the warning message at the 

very earliest time when a lightning strike is approaching. It may expose the people 

near the lighting strike location to danger, especially for those undergoing an outdoor 

activity. Therefore, a lightning detector which is able to detect the lightning strike 

distance will be the useful for the public citizens in protecting themselves from 

lightning strikes. In order to map the precise location of a lightning strike, both distance 

and direction are important. This data is useful for insurance companies and for 

protection purposes. 

Previous work on the lightning locating system (LLS) includes the studies 

using various detection techniques such as time difference of arrival (TDOA) [1], 

magnetic direction finding (MDF) [2, 3], and interferometry [4]. However, these 

techniques have their own advantages and disadvantages. Among the problem 

encountered in these techniques are 1. Low accuracy (All); 2. High cost (All); 3. Not 

exactly real time (TDOA, DF); and 4. Time synchronization problem (TDOA). One 

method of increasing the accuracy is by using VHF sensors for small coverage area. 
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Previous work [5] show that accuracy can be increased by more than 90% in the small 

scale area.  

Even though there is a lot of research done on the LLS, still many 

improvements can be made regarding the time synchronization, time difference 

measurements, detection accuracy, and detection efficiency. This work aims to provide 

a localized LLS based on the TDOA method with the utilization of high resolution 

time synchronization and time difference measurements.  

Discrimination between a different types of lightning flashes such as cloud 

activity and cloud-to-ground (CG) flashes has long been recognized as a challenge in 

lightning research. Some well-known models such as BIL and BL are used to identify 

the CG flashes. Several parameters such as the rise time and gradient of pulses can 

also be used to differentiate cloud activities and CG lightning flashes. In short, a 

precise analysis of the signals is required to differentiate the various type of discharges.  

This analysis is usually carried out manually [6]. 

A reliable lightning location system can be considered as invaluable. It helps 

to save lives and reduce the risk of losing huge capital when arranging operations such 

as space shuttle launches and airport services. The technology also helps in effective 

decision making, for example, the deployment of emergency crews for quick recovery 

of essential electrical or electronic systems. It also serves as a warning system for 

future or probable lightning occurrence so that people could plan their outdoor 

activities accordingly and ultimately saves lives. 

1.2 Problem Statement 

Lately, there have been a lot of interest on lightning related research. In 

particular, studies have been done to better characterize lightning phenomenon 

including those within the cloud prior to the cloud-to-ground flash. Among the highly 
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researched topics are related to Preliminary Breakdown Pulses (PBPs), and processes 

in Cloud-to-Ground (CG) flashes including the return strokes (RS). Since lightning is 

much related to statistical data, lack of such data hinders the research progress. 

Comparative studies on lightning discharge processes in different meteorological 

conditions can contribute to better understanding of the lightning breakdown process. 

However, there are only a few measurements done in equatorial regions. The 

characterization of lightning discharges in equatorial regions is therefore needed to be 

studied in detail.   

The identification of a lightning discharge type based on the electric field 

waveform analysis can be manually achieved using human eye according to some 

well-known parameters such as the gradient of fluctuation and the temporal analysis. 

Even though an automated identification of the lightning discharge type is difficult due 

to the complexity of the electric field waveform, this capability should be available in 

a modern LLS. Nevertheless, most of currently installed LLSs throughout the world 

are unable to provide an automated method to differentiate between different types of 

lightning discharges such as within cloud, cloud-to-cloud, and cloud-to-ground. The 

development of a suitable algorithm to successfully differentiate various types of 

lightning discharges is highly desirable.  

Lightning detection studies had been previously carried out by many 

researchers [7-10]. These include direction finding (DF), time difference of arrival 

(TDOA) techniques, a combination of these two, and interferometry methods. All 

techniques need a number of sensors within a network to get reliable data on the 

location of a lightning flash. The TDOA method uses the small differences in the 

arrival times of the radio wave at different stations to determine the optimum distance 

to the flash from a network of synchronized stations. However, these techniques have 

their own advantages and disadvantages. Some of the usual disadvantages faced by 

these techniques are high cost, low detection accuracy, and low detection efficiency 

due to their relatively large coverage area [11, 12]. Improvements can still be made on 

lightning locating systems (LLSs), especially those using the time of arrival (TDOA) 

technique.  It is well known that the lightning location system using TDOA method 

needs at least four measuring stations. The solving of the TDOA algorithm using a 
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lesser number of measuring stations will definitely results in two or more solutions for 

a given strike location. The concept of using only three stations in an LLS and yet it 

can correctly locate a CG flash is very much desired to be proven.   

1.3 Research Objectives 

The objectives of this study are listed as follows: 

(i) To develop, design, and construct a prototype of an on-line lightning locating 

and monitoring system consisting of three receiver sensors, a central device, 

and processing programs.  

(ii) To prepare statistical information on BIL model of CG lightning discharge in 

Malaysia based on the measured electric field waveforms.  

 

(iii) To develop a suitable algorithm to successfully differentiate cloud activity and 

cloud to ground of lightning discharges. 

 

 

(iv) To correctly locate a cloud-to-ground flash in a three-station TDOA-based LLS 

with the help of Matlab modelling and artificial neural network training and 

assess the performance of the developed three-station TDOA-based LLS. 

1.4 Research Scope 

Several scopes are listed to ensure the research is conducted within its intended 

boundary. These are: 
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(i) Only the vertical component of the lightning electric field was measured. This 

is considered acceptable since the analysis of the vertical component of the 

electric field is sufficient to represent the lightning discharge behaviour. 

(ii) Identifying the correct position of the lightning ground flash will be done in 

the neural network ToolBox of Matlab. Therefore, developing and constructing 

a new neural network algorithm is not part of this research study.  

(iii) Only one configuration of the three-measuring station LLS was installed and 

tested. The measurements are limited to the ones made in 400 km2 area around 

the campus of Universiti Teknologi Malaysia, Johor Bahru, in August 2014. 

Comparisons with other LLS data are also limited to this specific coverage area 

only. 

(iv) The lightning discharge characterisations are based on 290 flashes measured 

using one measuring station located at the Observatory, Universiti Teknologi 

Malaysia. The measurements were made within the period between December 

2012 and May 2013. The measured data is deemed sufficient to represent the 

discharge behaviour in an equatorial or tropical region. 

1.5 Contributions of Research  

The contributions of this thesis are outlined as below: 

(i) Comparative studies on lightning discharge processes in different 

meteorological conditions can contribute to better understanding of the 

lightning breakdown process. However, there are only a few measurements 

done in equatorial regions. One of the contribution of this study is to prepare 

statistical information of lightning electric fields measured in Malaysia. The 
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measurement setup was successfully designed, constructed, and installed at the 

UTM’s Observatory, and measurements were made within several months in 

2012 and 2013. Analyses on 290 captured lightning electric field waveforms 

led to first, the identification of main parts within the waveform such as the 

Cloud activity, Isolated, and Cloud-to-Ground (CG) discharge, and second, the 

key characteristics of each part, for example, the Preliminary Breakdown 

Pulses (PBPs). There are some similarities and differences observed between 

this study and other studies. Possible causes of any difference between this 

study and other studies, may be due to the different geographical region, 

latitude, and meteorological conditions.  

(ii) An on-line prototype lightning location system which consists of three 

measuring station parallel plate antenna sensors, has been designed, 

constructed, installed, and tested. By applying the Time of Arrival (TDOA) 

method, the lightning ground flash coordinate is determined using the Matlab 

and LabView software. The software is to capture and analyze the recorded 

signal and map the coordinates of lightning ground flashes. Linear simulation 

and mathematical analysis of the TDOA method is necessary in order to 

evaluate error of system. A total of 556 ground flashes were successfully 

detected and mapped across the south region of Malaysia during six different 

measuring days from August 2014. The current intensity value of all captured 

lightning ground flash is also estimated. 

(iii) It is well known that the lightning location system using TDOA method needs 

at least four measuring stations to avoid the ambiguous location of lightning 

ground flash. In this work, it was shown that even using three measuring 

stations, a correct location of the strike can still be achieved. A new approach 

to identify the correct position of a lightning strike using a combination of 

artificial neural network algorithms, namely Levenberg–Marquardt and Self-

Organizing Map, is successfully developed and tested. It was demonstrated that 

the ANN engine can correctly identify the true coordinate of lightning ground 

flash with an acceptable error of 2.5%. The developed codes and weight 
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matrices for all trained networks were successfully obtained and can be used 

as required. 

(iv) An automated discrimination between a cloud activity signal and a cloud to 

ground signal has long been recognized as a challenge in the lightning research 

area. A Multi-resolution Signal Decomposition (MSD) technique which 

utilises the Discrete Wavelet Transform (DWT) was successfully identified 

and developed to classify different types of lightning electric field. A 

comparison between 50 cloud flashes and 50 CG flashes illustrates that there 

is no overlap in the first level of energy for all flash samples. An energy value 

of 6.27 was chosen as the boundary level to distinguish between a cloud 

activity and a CG flash. 

(v) In evaluating a lightning location system, both the detection accuracy and 

detection efficiency are needed to assess the system performance. Lightning 

data had been gathered for a certain period of time using the three-station 

lightning locating system developed in this study. Comparisons with the data 

provided by Tenaga Nasional Berhad Reseach (TNBR) and Malaysian 

Meteorological Department (MMD) show that the three-station lightning 

locating system performs better in terms of detection efficiency (number of 

cloud-ground flashes only) and detection accuracy (coordinate location). The 

comparison statistics clearly show that more than 70 percent of data were well 

matched to the MMD data. The Average of time difference between MMD and 

UTM (LLS) was found to be 22.58568 second. The arithmetic mean location 

error was about 296.481111 m. 

1.6 Thesis Outline 

Chapter 1 provides the topic background, reasons to carry out this thesis, goals 

to meet to accomplish this work, objectives, scope, and achievements of the research. 
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Chapter 2 covers a comprehensive review in the lightning research area. Those 

are the mechanism of lightning, lightning types and steps, method of lightning 

detection, application of GPS in lightning location system, application of artificial 

intelligent in the lightning location system and wavelet transform technique. Most of 

the published works deliberated on the accuracy and efficiency of the lightning 

detection system. However, it is found that each method may have one or several 

shortages to provide a high accuracy and best efficiency.  

Chapter 3 presents the hardware installation and analysis methods. In this 

chapter the construction of the circuit board and the hardware implementation is 

described. To overcome on the limitation of the TDOA method by three measuring 

stations Levenberg–Marquardt and the Self-Organizing Map algorithms in the 

artificial neural network is conducted. Classification of lightning electric field types is 

considered using multi-resolution signal decomposition and a new algorithm to 

identify cloud to ground signals is proposed.  

Chapter 4 discusses on the results, which are obtained from the practical 

measurement performed in 3 different periods during 2012 to 2014. Characteristic of 

lightning electric fields before for the duration prior to, during, and after the return 

stroke in tropical region is presented and characteristic of the lightning in tropical 

region will be compared with other geographical region and this knowledge of 

lightning will greatly advance our knowledge on lightning with respect to the spatial 

and temporal occurrence of lightning all over the world. In the next part of this chapter 

lightning ground flash happened on six different days in August 2014 is localized, and 

the result of this study is compared with well-known currently installed lightning data 

provider.  

Chapter 5 presents the conclusions and discussions of this study. Future work 

and recommendations are also highlighted in this chapter. 

 



REFERENCES 

1. Oetzel, G., and Pierce, E. (1969). VHF technique for locating lightning. Radio 

Science, 4(3), pp. 199-202. 

2. Krider, E.P., Noggle, R.C., and Uman, M.A. (1976). A gated, wideband 

magnetic direction finder for lightning return strokes. Journal of Applied 

Meteorology, 15(3), pp. 301-306.  

3. Mach, D.M., MacGorman, D.R., David Rust, W., and Arnold, R.T. (1986). Site 

errors and detection efficiency in a magnetic direction-finder network for 

locating lightning strikes to ground. Journal of Atmospheric and Oceanic 

Technology, 3(1), pp. 67-74.  

4. Warwick, J.W., Hayenga, C.O., and Brosnahan, J.W. (1979). Interferometric 

directions of lightning sources at 34 MHz. Journal of Geophysical Research: 

Oceans (1978–2012), 84(C5), pp. 2457-2468.  

5. Proctor, D.E. (1971). A hyperbolic system for obtaining vhf radio pictures of 

lightning. Journal of Geophysical Research, 76(6), pp. 1478-1489.  

6. Betz, H.D., Schmidt, K., Laroche, P., Blanchet, P., Oettinger, W.P., Defer, E. 

and Konarski, J. (2009). LINET—an international lightning detection network 

in Europe. Atmospheric Research, 91(2), pp. 564-573.  

7. Cummins, K.L., Murphy, M.J., Bardo, E.A., Hiscox, W.L., Pyle, R.B., and 

Pifer, A.E. (1998). A combined TOA/MDF technology upgrade of US national 

lightning detection network. Journal of Geophysical Research: Atmospheres 

(1984–2012), 103(D8), pp. 9035-9044.  

8. Cummins, K.L., Krider, E.P., and Malone, M.D. (1998). The US national 

lightning detection network TM and applications of cloud-to-ground lightning 

data by electric power utilities. IEEE Transactions on Electromagnetic 

Compatibility, 40(4), pp. 465-480.  



168 
 

9. Rison, W., Thomas, R.J., Krehbiel, P.R., Hamlin, T., and Harlin, J. (1999). A 

GPS‐based three‐dimensional lightning mapping system: Initial observations 

in central New Mexico. Geophysical Research Letters, 26(23), pp. 3573-3576.  

10. Schulz, W., Cummins, K., Diendorfer, G., and Dorninger, M. (2005). Cloud‐

to‐ground lightning in Austria: A 10‐year study using data from a lightning 

location system. Journal of Geophysical Research: Atmospheres (1984–2012), 

110(D9), pp. 420-433.   

11. Ab Rahman, P.N.S., Baharudin, Z.A., and Rahim, N.H.A. (2014). 

Misidentification of type of lightning flashes in Malaysia. TELKOMNIKA 

Indonesian Journal of Electrical Engineering, 12(8). pp. 5938-5945. 

12. Morales, J., Orduña, E., and Rehtanz, C. (2014). Classification of lightning 

stroke on transmission line using multi-resolution analysis and machine 

learning. International Journal of Electrical Power & Energy Systems, 58(2), 

pp. 19-31.  

13. Uman, M.A. (2001). The lightning discharge. Orlando: Courier Corporation. 

14. da F Mattos, M., and Christopoulos, C. (1990). A model of the lightning 

channel, including corona, and prediction of the generated electromagnetic 

fields. Journal of Physics (Applied Physics), 23(1), pp. 40-47. 

15. Marshall, J.L. (1973). Lightning protection, USA: John Wiley and Sons. 

16. Eack, K.B. (1996). Balloon‐borne x‐ray spectrometer for detection of x rays 

produced by thunderstorms. Review of scientific instruments, 67(5), pp. 2005-

2009.  

17. Winn, W.P. (1968). An electrostatic theory for instruments which measure the 

radii of water drops by detecting a change in capacity due to the presence of a 

drop. Journal of Applied Meteorology, 7(5), pp. 929-937. 

18. Baker, M., and Dash, J. (1994). Mechanism of charge transfer between 

colliding ice particles in thunderstorms. Journal of Geophysical Research: 

Atmospheres (1984–2012), 99(5), pp. 10621-10626.  

19. Committee, G.S. (1986). The earth's electrical environment: National 

Academies. 

20. Avila, E.E., Varela, G.G.A., and Caranti, G.M. (1996). Charging in ice‐ice 

collisions as a function of the ambient temperature and the larger particle 



169 
 
average temperature. Journal of Geophysical Research: Atmospheres (1984–

2012), 101(23), pp. 29609-29614. 

21. Avila, E.E., and Caranti, G.M. (1994). A laboratory study of static charging by 

fracture in ice growing by riming. Journal of Geophysical Research: 

Atmospheres (1984–2012), 99(5), pp. 10611-10620.  

22. Bateman, M.G., Rust, W.D., and Marshall, T.C. (1994). A balloon-borne 

instrument for measuring the charge and size of precipitation particles inside 

thunderstorms. Journal of Atmospheric and Oceanic Technology, 11(1), pp.  

161-169.  

23. Koshak, W.J., Solakiewicz, R.J., Phanord, D.D., and Blakeslee, R.J. (1994). 

Diffusion model for lightning radiative transfer. Journal of Geophysical 

Research: Atmospheres (1984–2012), 99(7), pp. 14361-14371.  

24. Bazelyan, E.M., and Raĭzer, Y.P. (2000). The mechanism of lightning 

attraction and the problem of lightning initiation by lasers. Physics-Uspekhi, 

43(7), pp. 701-709.  

25. Kitagawa, N. (1965). Types of lightning. Problems of Atmospheric and Space 

Electricity, Proceedings of the Third International Conference on Atmospheric 

and Space Electricity. 5-10 May. Montreux, Switzerland, 337-344. 

26. Baharudin, Z.A. (2014). Characterizations of ground flashes from tropic to 

northern region. Doctor Philosophy, Uppsala University, Uppsala. 

27. Kasemir, H.W. (1983). Static discharge and triggered lightning. USA: Wiley 

Online Library. 

28. Lin, Y., Uman, M. and Standler, R. (1980). Lightning return stroke models. 

Journal of Geophysical Research: Oceans (1978–2012), 85(C3), pp. 1571-

1583.  

29. Baharudin, Z.A., Mäkelä, J., Fernando, M., Cooray, V. and Mäkelä, J. (2010). 

Comparative study on preliminary breakdown pulse trains observed in 

Malaysia and Florida. 30TH International Conference on Lightning 

Protection, ICLP. September 13th -17th. Cagliari, Italy, 1075-1081. 

30. Nag, A. and Rakov, V.A. (2009). Electric field pulse trains occurring prior to 

the first stroke in negative cloud-to-ground lightning. IEEE Transactions on 

Electromagnetic Compatibility, 51(1), pp. 147-150.  



170 
 

31. Nag, A., DeCarlo, B.A. and Rakov, V.A. (2009). Analysis of microsecond-and 

submicrosecond-scale electric field pulses produced by cloud and ground 

lightning discharges. Atmospheric Research, 91(2), pp. 316-325.  

32. Rakov, V.A., Uman, M. and Rambo, K. (2005). A review of ten years of 

triggered-lightning experiments at camp Blanding, Florida. Atmospheric 

research, 76(1), pp. 503-517.  

33. Gomes, C. and Cooray, V. (2004). Radiation field pulses associated with the 

initiation of positive cloud to ground lightning flashes. Journal of Atmospheric 

and Solar-Terrestrial Physics, 66(12), pp. 1047-1055.  

34. Gomes, C., Cooray, V. and Jayaratne, C. (1998). Comparison of preliminary 

breakdown pulses observed in Sweden and in Sri Lanka. Journal of 

atmospheric and solar-terrestrial physics, 60(10), pp. 975-979.  

35. Marshall, T., Stolzenburg, M., Karunarathne, S., Cummer, S., Lu, G., Betz, 

H.D and Xiong, S. (2013). Initial breakdown pulses in intracloud lightning 

flashes and their relation to terrestrial gamma ray flashes. Journal of 

Geophysical Research: Atmospheres, 118(19), pp. 10907-10925.  

36. Zhang, Y., Zhang, Y., Lu, W., Zheng, D. and Meng, Q. (2011). An analysis of 

the initial breakdown pulse for positive cloud-to-ground flashes, 7th Asia-

Pacific International Conference on Lightning (APL), 1-4 November, 

Chengdu, China, 165-168. 

37. Loeb, L.B. (1968). Confirmation and extension of a proposed mechanism of 

the stepped leader lightning stroke. Journal of Geophysical Research. 73(18), 

pp. 5813-5817.  

38. Uman, M.A. and McLain, D.K. (1970). Radiation field and current of the 

lightning stepped leader. Journal of Geophysical Research, 75(6), pp. 1058-

1066.  

39. Bazelyan, E.M. and Raizer, Y.P. (2000). Lightning physics and lightning 

protection. Philadelphia, USA: CRC Press. 

40. Duchon, C., Fiebrich, C. and Grimsley, D. (2014). Using high-speed 

photography to study under-catch in tipping-bucket rain gauges. Journal of 

Atmospheric and Oceanic Technology, 31(6), pp. 1330-1336.  



171 
 

41. Uman, M.A. and Voshall, R.E. (1968). Time interval between lightning strokes 

and the initiation of dart leaders. Journal of Geophysical Research, 73(2), pp. 

497-506.  

42. Akyuz, M. and Cooray, V. (2001). The franklin lightning conductor: 

Conditions necessary for the initiation of a connecting leader. Journal of 

Electrostatics, 51(3), pp. 319-325.  

43. Petersen, D., Bailey, M., Beasley, W.H. and Hallett, J. (2008). A brief review 

of the problem of lightning initiation and a hypothesis of initial lightning leader 

formation. Journal of Geophysical Research: Atmospheres (1984–2012), 

113(17), pp. 113-128. 

44. Hooyberghs, H., Van Schaeybroeck, B., Moreira, A.A., Andrade Jr, J.S., 

Herrmann, H.J. and Indekeu, J.O. (2010). Biased percolation on scale-free 

networks. Physical Review, 81(1), pp. 011-102.  

45. Wang, D., Rakov, V., Uman, M., Takagi, N., Watanabe, T., Crawford, D. and 

Kawasaki, Z.I. (1999). Attachment process in rocket‐triggered lightning 

strokes. Journal of Geophysical Research: Atmospheres (1984–2012), 

104(D2), pp. 2143-2150.  

46. Jerauld, J., Uman, M., Rakov, V., Rambo, K. and Schnetzer, G. (2007). Insights 

into the ground attachment process of natural lightning gained from an unusual 

triggered‐lightning stroke. Journal of Geophysical Research: Atmospheres 

(1984–2012), 112(D13). pp. 120-143. 

47. Rakov, V.A. (2001). Transient response of a tall object to lightning. IEEE 

Transactions on Electromagnetic Compatibility, 43(4), pp. 654-661.  

48. Uman, M.A. and McLain, D.K. (1969). Magnetic field of lightning return 

stroke. Journal of Geophysical Research, 74(28), pp. 6899-6910.  

49. Malan, D.J. (1964). Physics of lightning, London, U.K: English Universities 

Press, pp.176-182. 

50. Villanueva, Y., Rakov, V., Uman, M and Brook, M. (1994). Microsecond‐scale 

electric field pulses in cloud lightning discharges. Journal of Geophysical 

Research: Atmospheres (1984–2012), 99(D7), pp. 14353-14360.  

51. Brook, M. and Vonnegut, B. (1960). Visual confirmation of the junction 

process in lightning discharges. Journal of Geophysical Research, 65(4), pp. 

1302-1303.  



172 
 

52. Kitagawa, N. and Brook, M. (1960). A comparison of intracloud and cloud‐to‐

ground lightning discharges. Journal of Geophysical Research, 65(4), pp. 

1189-1201.  

53. Cooray, V. and Jayaratne, K. (1994). Characteristics of lightning flashes 

observed in Sri Lanka in the tropics. Journal of Geophysical Research: 

Atmospheres (1984–2012), 99(D10), pp. 21051-21056.  

54. Ahmad, N.A., Fernando, M., Baharudin, Z., Rahman, M., Cooray, V., Saleh, 

Z. and Rassoul, H.K. (2010). The first electric field pulse of cloud and cloud-

to-ground lightning discharges. Journal of Atmospheric and Solar-Terrestrial 

Physics, 72(2), pp. 143-150.  

55. Sharma, S., Fernando, M. and Cooray, V. (2008). Narrow positive bipolar 

radiation from lightning observed in Sri Lanka. Journal of Atmospheric and 

Solar-Terrestrial Physics, 70(10), pp. 1251-1260.  

56. Smith, D., Massey, R., Wiens, K., Eack, K., Shao, X., Holden, D. and Argo, P. 

(1999). Observations and inferred physical characteristics of compact 

intracloud discharges. Delta, 4(2) pp. 1120-1233. 

57. Ruhnke, L. (1973). US Patent No. 3,715,660. Washington DC. Determining 

distance to lightning strokes from a single station. 

58. Rodrigues, R., Mendes, V. and Catalão, J. (2010). Lightning data observed 

with lightning location system in Portugal. IEEE Transactions on Power 

Delivery, 25(2), pp. 870-875.  

59. Hepburn, F. (1960). Analysis of smooth type atmospheric waveforms. Journal 

of Atmospheric and Terrestrial Physics, 19(1), pp. 37-53.  

60. Sao, K. and Jindoh, H. (1974). Real time location of atmospherics by single 

station techniques and preliminary results. Journal of Atmospheric and 

Terrestrial Physics, 36(2), pp. 261-268. 

61.  Itano, W., Nagano, I., Yagitani, S. and Ozaki, M. (2006). Lightning location 

with single-station observation of vlf sferics. 2nd Karazawa Workshop. pp.22-

31. 

62. Nikolaenko, A. (1993). Measurement of distances to nearby thunderstorm 

discharges. Radiophysics and quantum electronics, 36(4), pp. 144-148.  



173 
 

63. Ramachandran, V., Prakash, J., Deo, A. and Kumar, S. (2007). Lightning 

stroke distance estimation from single station observation and validation with 

wwlln data. Annales Geophysicae, 2007, pp. 1509-1517. 

64. Ibrahim, W.I. and Malek, Z.A. (2010). Time-to-thunder method of lightning 

distance determination. IEEE International Conference on Power and Energy 

(PECon), 29-30 November, Kuala Lumpur, Malaysia. pp. 357 – 362. 

65. Cooray, V. (2003). The lightning flash. London. UK. The institution of 

Engineering and Technology. 

66. Cummins, K.L. and Murphy, M.J. (2009). An overview of lightning locating 

systems: History, techniques, and data uses, with an in-depth look at the US 

NLDN. IEEE Transactions on Electromagnetic Compatibility, 51(3), pp. 499-

518.  

67. Thomas, R.J., Krehbiel, P.R., Rison, W., Hamlin, T., Harlin, J. and Shown, D. 

(2001). Observations of VHF source powers radiated by lightning. 

Geophysical research letters, 28(1), pp. 143-146.  

68. Goodman, S.J., Blakeslee, R.J., Koshak, W.J., Mach, D., Bailey, J., Buechler, 

D. and McCaul, E. (2013). The goes-r geostationary lightning mapper (GLM). 

Atmospheric Research, 125(2), pp. 34-49.  

69. Bedka, K., Brunner, J., Dworak, R., Feltz, W., Otkin, J. and Greenwald, T. 

(2010). Objective satellite-based detection of overshooting tops using infrared 

window channel brightness temperature gradients. Journal of Applied 

Meteorology and Climatology, 49(2), pp. 181-202.  

70. Mäkelä, A., Tuomi, T.J. and Haapalainen, J. (2010). A decade of high‐latitude 

lightning location: Effects of the evolving location network in Finland. Journal 

of Geophysical Research: Atmospheres (1984–2012), 115(D21), pp. 448-455.  

71. Wang, D., Yuan, T., Zhang, G. and Zhang, T. (2010). Fast electric field change 

pulses location technique. Asia-Pacific Symposium on the Electromagnetic 

Compatibility (APEMC), Beijing, China. pp. 1158 – 1161. 

72. Cummins, K.L. and Murphy, M.J. (2009). An overview of lightning locating 

systems: History, techniques, and data uses, with an in-depth look at the US 

NLDN. IEEE Transactions on Electromagnetic Compatibility, 51(3), pp. 499-

518.  



174 
 

73. Alavi, B. and Pahlavan, K. (2006). Modeling of the toa-based distance 

measurement error using uwb indoor radio measurements. Communications 

Letters, IEEE, 10(4), pp. 275-277.  

74. Chowdhuri, P., Li, S. and Yan, P. (2001). Review of research on lightning-

induced voltages on an overhead line. IEE Proceedings-Generation, 

Transmission and Distribution, 148(1), pp. 91-95.  

75. Karunarathne, S., Marshall, T.C., Stolzenburg, M., Karunarathna, N., Vickers, 

L.E., Warner, T.A. and Orville, R.E. (2013). Locating initial breakdown pulses 

using electric field change network. Journal of Geophysical Research: 

Atmospheres, 118(13), pp. 7129-7141.  

76. Uman, M., Lin, Y. and Krider, E. (1980). Errors in magnetic direction finding 

due to nonvertical lightning channels. Radio Science, 15(1), pp. 35-39.  

77. Diendorfer, G. (2007). Lightning location systems (LLS). The IX International 

symposium on lightning protection.26-30 November. Foz do Iguaçu, Brazil. 

360-365. 

78. Orville, R. and Songster, H. (1987). The east coast lightning detection network. 

IEEE Transactions on Power Delivery, 2(3), pp. 899-907.  

79. Lagouvardos, K., Kotroni, V., Betz, H.-D. and Schmidt, K. (2009). A 

comparison of lightning data provided by ZEUS and LINET networks over 

Western Europe. Natural Hazards and Earth System Science, 9(5), pp. 1713-

1717.  

80. Lay, E.H., Jacobson, A.R., Holzworth, R.H., Rodger, C.J. and Dowden, R.L. 

(2007). Local time variation in land/ocean lightning flash density as measured 

by the world wide lightning location network. Journal of Geophysical 

Research: Atmospheres (1984–2012), 112(D13), pp. 117-122. 

81. Thomas, R.J., Krehbiel, P.R., Rison, W., Hunyady, S.J., Winn, W.P., Hamlin, 

T., and Harlin, J. (2004). Accuracy of the lightning mapping array. Journal of 

Geophysical Research: Atmospheres (1984–2012), 109(D14).  

82. Chisholm, W. and Janischewskyj, W. (1989). Lightning surge response of 

ground electrodes. IEEE Transactions on Power Delivery, 4(2), pp. 1329-

1337.  

83. Tatsumi, M., Idogaw, T., Nakamura, S., Higashi, S., Sezaki, A., and Uenishi, 

K. (2010). Lightning observation results by new lls that uses LS8000 and 



175 
 
CP8000. Asia-Pacific Symposium on the Electromagnetic Compatibility 

(APEMC), 12-16 April. Beijing, China. pp. 1150 – 1153. 

84. Pinto, O., Pinto, I. and Naccarato, K. (2007). Maximum cloud-to-ground 

lightning flash densities observed by lightning location systems in the tropical 

region: A review. Atmospheric Research, 84(3), pp. 189-200.  

85. Du, H., Ma, H. and Zhang, Y. (2010). A novel algorithm for real-time adaptive 

signal detection in lightning location system. 2nd International Conference on 

the Information Science and Engineering (ICISE). 4-6 December. Hangzhou, 

China. pp. 1 – 4. 

86. Mardiana, R. and Kawasaki, Z. (2000). Broadband radio interferometer 

utilizing a sequential triggering technique for locating fast-moving 

electromagnetic sources emitted from lightning. IEEE Transactions on 

Instrumentation and Measurement, 49(2), pp. 376-381.  

87. Idone, V.P., Davis, D.A., Moore, P.K., Wang, Y., Henderson, R.W., Ries, M. 

and Jamason, P.F. (1998). Performance evaluation of the US national lightning 

detection network in eastern New York: Detection efficiency. Journal of 

Geophysical Research: Atmospheres (1984–2012), 103(D8), pp. 9045-9055.  

88. Abarca, S.F., Corbosiero, K.L. and Galarneau, T.J. (2010). An evaluation of 

the worldwide lightning location network (WWLLN) using the national 

lightning detection network (NLDN) as ground truth. Journal of Geophysical 

Research: Atmospheres (1984–2012), 115(D18).  

89. Lafkovici, A., Hussein, A.M., Janischewskyj, W. and Cummins, K.L. (2008). 

Evaluation of the performance characteristics of the North American lightning 

detection network based on tall-structure lightning. IEEE Transactions on 

Electromagnetic Compatibility, 50(3), pp. 630-641.  

90. Huang, Z., Wang, X., Chen, S., Zhang, Y., Dong, W. and Yin, Q. (2010). 

Analysis on the induced overvoltage generated by near triggered lightning in 

the aws power distribution system. Asia-Pacific Symposium on the 

Electromagnetic Compatibility (APEMC), 12-16 April, Beijing, China. pp. 

1522 – 1525. 

91. Silvino, J., Mesquita, C. and Visacro, S. (2003). Non-direct lightning current 

measurement for lightning location systems calibration. Electronics Letters, 

39(6), pp. 504-505. 



176 
 

92.  Ballarotti, M., Saba, M. and Pinto Jr, O. (2006). A new performance 

evaluation of the Brazilian lightning location system (RINDAT) based on high-

speed camera observations of natural negative ground flashes. 19th 

International Lightning Detection Conference (ILDC), 26-27 April, Vaisala, 

Tucson, Arizona. 

93. Matsui, M. and Takano, N. (2010). Evaluation of lightning location accuracy 

of jldn with a lightning video camera system. Asia-Pacific Symposium on the 

Electromagnetic Compatibility (APEMC), 12-16 April. Beijing, China, pp. 

1142 – 1145. 

94. Nag, A., Murphy, M.J., Schulz, W. and Cummins, K.L. (2015). Lightning 

locating systems: Insights on characteristics and validation techniques. Earth 

and Space Science, 2(4), pp. 65-93.  

95. Nag, A. and Rakov, V.A. (2012). Positive lightning: An overview, new 

observations, and inferences. Journal of Geophysical Research: Atmospheres 

(1984–2012), 117(8). pp. 1121-1134.  

96. Nag, A., Rakov, V.A., Tsalikis, D. and Cramer, J.A. (2010). On 

phenomenology of compact intracloud lightning discharges. Journal of 

Geophysical Research: Atmospheres (1984–2012), 115(D14).  

97. Nag, A., Mallick, S., Rakov, V., Howard, J., Biagi, C., Hill, J. and Jerauld, J. 

(2011). Evaluation of us national lightning detection network performance 

characteristics using rocket‐triggered lightning data acquired in 2004–2009. 

Journal of Geophysical Research: Atmospheres (1984–2012), 116(2). pp.113-

130.  

98. Hartono, Z., Robiah, I. and Darveniza, M. (2001). A database of lightning 

damage caused by bypasses of air terminals on buildings in Kuala Lumpur, 

Malaysia.  6th International Symposium on Lightning Protection, 19–23 

November. Santos, Brazil. 

99. Yahaya, M., Ahmad, H. and Alam, M. (1996). Lightning detection system in 

Malaysia. National Technical Seminar on Standardization and Development 

of Lightning Protection Technologies-Malaysian Environment. 6-7 November. 

Petaling Jaya, Malaysia.  

100. Liu, Y., Wang, H. and Liu, G. (2010). Study on lightning parameters of 

transmission line porch based on lighting location system. Conference Record 



177 
 
of the IEEE International Symposium on the Electrical Insulation (ISEI), 6-9 

June. San Diego, CA, pp. 1 – 4. 

101. Diendorfer, G. and Schulz, W. (2003). Ground flash density and lightning 

exposure of power transmission lines. Conference Proceedings on the Power 

Tech. 23-26, June Bologna. 

102. Kaplan, E. and Hegarty, C. (2005). Understanding GPS: Principles and 

applications. Norwood, United States: Artech house. 

103. Crossley, P. (1994). Future of the global positioning system in power systems. 

Conference on Developments in the Use of Global Positioning Systems. 8 -10 

February. London, UK, p.p 1 - 5. 

104. Reid, J.F. (1998). Precision guidance of agricultural vehicles. The SME 

Meeting, 23-24 April. Sapporo, Japan. pp. 98-7031. 

105. Patterson, D.W. (1998). Artificial neural networks: Theory and applications. 

NJ, USA: Prentice Hall PTR. 

106. Alsmadi, M.K.S., Omar, K.B. and Noah, S.A. (2009). Back propagation 

algorithm: The best algorithm among the multi-layer perceptron algorithm. 

International Journal of Computer Science and Network Security, 9(4), pp. 

378-383.  

107. Fu, L.-M. (2003). Neural networks in computer intelligence. USA. Tata 

McGraw-Hill Education. 

108. Yu, H. and Wilamowski, B.M. (2011). Levenberg-marquardt training. 

Industrial Electronics Handbook, 5(1), pp. 11-12.  

109. Sathya, R. and Abraham, A. (2013). Comparison of supervised and 

unsupervised learning algorithms for pattern classification. International 

Journal of Artificial Intelligence, 2(2), pp. 34-38.  

110. Levenberg, K. (1944). A method for the solution of certain problems in least 

squares. Quarterly of applied mathematics, 2(1), pp. 164-168.  

111. Barham, R.H. and Drane, W. (1972). An algorithm for least squares estimation 

of nonlinear parameters when some of the parameters are linear. 

Technometrics, 14(3), pp. 757-766.  

112. Kazeminejad, M., Dehghan, M., Motamadinejad, M., and Rastegar, H. (2006). 

A new short term load forecasting using multilayer perceptron. . International 



178 
 
Conference on the Information and Automation, 15-17 December Shandong, 

China, pp. 284 – 288. 

113. Rumelhart, D.E., Hinton, G.E. and Williams, R.J. (1985). Learning internal 

representations by error propagation: USA. DTIC Document. 

114. Wilamowski, B.M. and Torvik, L. (1993). Modification of gradient 

computation in the back-propagation algorithm. Artificial Neural Networks in 

Engineering-ANNIE, 93(3), pp. 14-17.  

115. Andersen, T.J. and Wilamowski, B.M. (1995). A Modified regression 

algorithm for fast one layer neural network training. Conference on World 

Congress of Neural Networks. July 17–21, Washington DC, pp. 687–690. 

116. Wilamowski, B.M. (2002). Neural networks and fuzzy systems. Mechatronics 

Handbook, 33(1), pp. 32-26.  

117. Wilamowski, B.M., Chen, Y. and Malinowski, A. (1999). Efficient algorithm 

for training neural networks with one hidden layer. IJCNN. China,  pp. 1725-

1728. 

118. Wilamowski, B.M., Hunter, D. and Malinowski, A. (2003). Solving parity- 

problems with feed-forward neural networks. Proceedings of the International 

Joint Conference on the Neural Networks, 20-24 July, China, pp. 2546 – 2551. 

119. Yu, H. and Wilamowski, B.M. (2009). C++ implementation of neural networks 

trainer. International Conference on the Intelligent Engineering Systems. 16-

18 April. Barbados, pp. 257 – 262. 

120. Wilamowski, B.M. (2009). Neural network architectures and learning 

algorithms. Industrial Electronics Magazine. 3(4), pp. 56-63.  

121. Osborne, M.R. (1992). Fisher's method of scoring. International Statistical 

Review/Revue Internationale de Statistique, 4(12).  pp. 99-117.  

122. Kohonen, T. (2001). Self-organizing maps: Springer Science & Business 

Media. New York, Secaucus. 

123. Yin, H. (2008). The self-organizing maps: Background, theories, extensions 

and applications Computational intelligence: A compendium. 4(9). pp. 715-

762. 

124. Russell, S. (2009). Artificial intelligence: A modern approach, USA: Prentice 

hall.  



179 
 

125. Luger, G.F. (2005). Artificial intelligence: Structures and strategies for 

complex problem solving. USA: Pearson education. 

126. Valero, S., Aparicio, J., Senabre, C., Ortiz, M., Sancho, J. and Gabaldon, A. 

(2010). Comparative analysis of self-organizing maps vs. Multilayer 

perceptron neural networks for short-term load forecasting. Proceedings of the 

International Symposium on the Modern Electric Power Systems (MEPS). 20-

22 September. Wroclaw, Poland. pp. 1–5. 

127. Ekonomou, L., Gonos, I., Iracleous, D. and Stathopulos, I. (2007). Application 

of artificial neural network methods for the lightning performance evaluation 

of Hellenic high voltage transmission lines. Electric power systems research, 

77(1), pp. 55-63.  

128. Bermudez, J., Piras, A. and Rubinstein, M. (1996). Artificial neural networks 

in lightning location systems. International Symposium on the Neuro-Fuzzy 

Systems, 29-31 August. Lausanne, Switzerland. pp. 177–178. 

129. da Silva, I.N., de Souza, A.N. and Bordon, M.E. (1999). Evaluation and 

identification of lightning models by artificial neural networks. International 

Joint Conference on the Neural Networks. 10-16 July. Washington, DC. pp. 

3816 – 3820 

130. Choudhury, S., Mitra, S., and Chakraborty, H. (2004). A connectionist 

approach to thunderstorm forecasting. IEEE Annual Meeting of the Fuzzy 

Information. 27-30 June, China. pp. 330–334. 

131. Demuth, H., and Beale, M. (1993). Neural network toolbox for use with 

Matlab.USA. The Math Works Inc. 

132. Brémaud, P. (2002). Mathematical principles of signal processing: Fourier 

and wavelet analysis. Lausann, Switzerlande: Springer Science & Business 

Media. 

133. Daubechies, I. (1990). The wavelet transform, time-frequency localization and 

signal analysis. IEEE Transactions on Information Theory, 36(5), 961-1005.  

134. Heil, C.E. and Walnut, D.F. (1989). Continuous and discrete wavelet 

transforms. SIAM review, 31(4), pp. 628-666.  

135. Mallat, S.G. (1989). A theory for multiresolution signal decomposition: The 

wavelet representation. , IEEE Transactions on Pattern Analysis and Machine 

Intelligence. 11(7), pp. 674-693.  



180 
 

136. Akansu, A.N., and Haddad, P.R. (2000). Multiresolution signal 

decomposition: Transforms, subbands, and wavelets. San Diego, CA: 

Academic Press. 

137. Cooray, V. and Lundquist, S. (1983). Effects of propagation on the rise times 

and the initial peaks of radiation fields from return strokes. Radio science, 

18(3), pp. 409-415.  

138. Li, Q., Li, K. amd Chen, X. (2013). Research on lightning electromagnetic 

fields associated with first and subsequent return strokes based on laplace 

wavelet. Journal of Atmospheric and Solar-Terrestrial Physics, 93(1) , pp. 1-

10.  

139. Sharma, S., Cooray, V., Fernando, M., and Miranda, F. (2011). Temporal 

features of different lightning events revealed from wavelet transform. Journal 

of Atmospheric and Solar-Terrestrial Physics, 73(4), pp. 507-515.  

140. Esa, M.R.M., Ahmad, M.R. and Cooray, V. (2014). Wavelet analysis of the 

first electric field pulse of lightning flashes in Sweden. Atmospheric research, 

138, pp. 253-267.  

141. De Moerloose, J., Dawson, T.W. and Stuchly, M.A. (1997). Application of the 

finite difference time domain algorithm to quasi‐static field analysis. Radio 

Science, 32(2), pp. 329-341.  

142. Olver, A.D. (1992). Microwave and optical transmission.USA: John Wiley & 

Sons. 

143. Cooray, V. (1997). A model for negative first return strokes in lightning 

flashes. Physica Scripta, 55(1), pp. 119-125.  

144. Pavlick, A., Crawford, D., and Rakov, V. (2002). Characteristics of distant 

lightning electric fields. International Conference on Probabilistic Methods 

Applied to Power Systems, Naples, Italy. pp. 703–707. 

145. Ahmad, N.A. (2011). Broadband and hf radiation from cloud flashes and 

narrow bipolar pulses. Doctor Philosophy. Uppsala Sweden. 

146. Noteboom, S. (2006). Processing, validatie, analyse van bliksemdata uit het 

safir/flits systeem: Internal report, KNMI, IR-2006-01. Available from KNMI. 

147. Holleman, I. (2001). Hail detection using single-polarization radar: Ministerie 

van Verkeer en Waterstaat, Koninklijk Nederlands Meteorologisch Instituut. 



181 
 

148. Mao, P.L. and Aggarwal, R.K. (2001). A novel approach to the classification 

of the transient phenomena in power transformers using combined wavelet 

transform and neural network. IEEE Transactions on Power Delivery, 16(4), 

pp. 654-660.  

149. Zheng, T., Makram, E.B. and Girgis, A.A. (1999). Power system transient and 

harmonic studies using wavelet transform. IEEE Transactions on Power 

Delivery, 14(4), pp. 1461-1468.  

150. Elmitwally, A., Farghal, S., Kandil, M., Abdelkader, S. and Elkateb, M. (2001). 

Proposed wavelet-neurofuzzy combined system for power quality violations 

detection and diagnosis. IEEE Proceedings on the Generation, Transmission 

and Distribution. 07-10 August. pp. 15 – 20. 

151. Gaing, Z.-L. (2004). Wavelet-based neural network for power disturbance 

recognition and classification. , IEEE Transactions on Power Delivery, 19(4), 

pp. 1560-1568.  

152. Pillutla, S. and Keyhani, A. (1999). Development and implementation of neural 

network observers to estimate the state vector of a synchronous generator from 

on-line operating data. IEEE Transactions on Energy Conversion, 14(4), pp. 

1081-1087.  

153. Wu, T., Takayanagi, Y., Funaki, T., Yoshida, S., Ushio, T., Kawasaki, Z.-I. 

and Shimizu, M. (2013). Preliminary breakdown pulses of cloud-to-ground 

lightning in winter thunderstorms in japan. Journal of Atmospheric and Solar-

Terrestrial Physics, 102, pp. 91-98.  

154. Baharudin, Z.A., Fernando, M., Ahmad, N.A., Mäkelä, J., Rahman, M., and 

Cooray, V. (2012). Electric field changes generated by the preliminary 

breakdown for the negative cloud-to-ground lightning flashes in Malaysia and 

Sweden. Journal of Atmospheric and Solar-Terrestrial Physics, 84(2), pp. 15-

24.  

155. Abdullah, N., Yahaya, M.P. and Hudi, N.S. (2008). Implementation and use of 

lightning detection network in Malaysia. . Conference on IEEE Power and 

Energy, 1-3 December. Johor Bahru, Malaysia. pp. 383–386. 

156. Baharudin, Z.A., Mäkelä, J., Fernando, M., Cooray, V. and Mäkelä, J. (2010). 

Comparative study on preliminary breakdown pulse trains observed in 



182 
 
Malaysia and Florida. 30th International Conference on Lightning Protection. 

ICLP. 13-17 September, Cagliari, Italy, pp. 1075-1. 

157. Ahmad, N.A., Fernando, M., Baharudin, Z.A., Cooray, V., Ahmad, H., and 

Malek, Z.A. (2010). Characteristics of narrow bipolar pulses observed in 

Malaysia. Journal of Atmospheric and Solar-Terrestrial Physics, 72(5), pp. 

534-540.  

158. Abidin, H.Z. and Ibrahim, R. (2003). Thunderstorm day and ground flash 

density in Malaysia. Proceedings conference on Power Engineering, PECon 

2003. 15-16 December. Bangi, Malaysia, pp. 217-219. 

 

 

 

 

 

 

 

 

 

 

 

 


	BehnamSalimiPFKE2015ABS
	BehnamSalimiPFKE2015TOC
	BehnamSalimiPFKE2015CHAP1
	BehnamSalimiPFKE2015REF



