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Abstract

Lightning, a climate-related highly localized natural phenomenon, claims lives and dam-
age properties. These losses could only be reduced by the identification of active seasons
and regions of lightning. The present study identifies and correlates the lightning-prone
regions with the number of casualties reported over India at the state/union territory level.
The seasonal and monthly composite satellite data of Lightning Imaging Sensor for the
duration of 16 years (1998-2013) have been analyzed in this study for the identification
of the major lightning-prone seasons and regions over India. The casualties due to light-
ning have also been estimated using data from Accidental Deaths and Suicides in India,
National Crime Record Bureau report of India. The spatial distribution analysis reveals
that lightning occurs mostly in hilly regions over India throughout the year (26 flash/sq.
km/yr) and, however, causes lesser casualties because of the sparse population over the
hilly terrain. The seasonal analysis reveals the most lightning phenomena occur during the
pre-monsoon period (40—45 flash/sq. km/yr) over the northeast region of India. During the
winter period, the lightning dominates over the northern parts of India such as Jammu and
Kashmir. The state-wise casualties’ study reveals that maximum casualties are reported in
Madhya Pradesh (313 deaths), Maharashtra (281 deaths) and Orissa (255 deaths) on an
average per annum. The favorable climatic conditions, such as availability of moisture con-
tent, unstable atmosphere and strong convection, cause severe cases of lightning over the
regions of Orissa and Maharashtra.
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1 Introduction

Lightning is a naturally occurring electrical discharge in contact with air to cloud and
cloud to ground. Lightning reaches the ground more than 100 times per second or 8 million
times a day (Okafor 2005). Lightning also depends upon the local meteorological circum-
stances. For example, if two different kinds of air masses (i.e., cold—moist and dry—hot)
coming from different directions are forced to rise, they flow together or converge to form
the thundercloud (Lal et al. 2018). This phenomenon is usually associated with cumulo-
nimbus clouds (thunderclouds); however, sometimes it also occurs in stratiform clouds
(layered clouds with a large horizontal extent), in snow storms and dust storms and some-
times in the dust and gases emitted by erupting volcanoes. These clouds acquire an excess
electrical charge, either positive or negative, that is sufficient to break down the resistance
of the air (Mansell et al. 2010). Global or local lightning motion is a highly variable param-
eter on many timescales (Nath et al. 2009). This unpredictability is generally attributable
to changes in flash rate per thunderstorm and also to the number of thunderstorms them-
selves. Lightning is one of the most powerful and disastrous atmospheric hazards across
the world (Mills et al. 2010; Mushtaq et al. 2018). The chance of being struck by lightning
depends on population density and geographical features. Global death due to lightning is
likely at 0.2—1.7 deaths per one million (Aslar et al. 2001; Wetli 1996). Around 10-30%
of patients struck by lightning die, and 74% of survivors present some permanent effects
(Whitecomb et al. 2002). This hazard often causes loss of lives, injuries and arrangement
damages (Mulder et al. 2012; Dowdy 2016; Bhardwaj et al. 2017).

Most of the regions in India experience lightning in different seasons. This study deals
with the identification of the major lightning-prone regions and the seasons over India.
The data from the Accidental Deaths and Suicides in India, National Crime Record Bureau
(NCRB), showed that more than 2000 people in India lose their lives annually from light-
ning. This is huge loss of life, so this calamity can be reduced by identifying the proper
area, region and the season for the lightning (NCRB 2015). This type of identification will
help in generating early warning system in lightning-prone area using various predictive
models.

South Asian counties are severely affected by lightning hazards (Singh and Singh 2015).
Kandalgaonkar et al. (2003) studied the diurnal variation of lightning activity over the
Indian region and reported a prominent peak at 1000 UTC and minimum in the morning
hours. Spatially occurrence of lightning is highly variable with changing latitudes in both
of the hemisphere; in tropical regions, lightning tends to occur more often when the equa-
torial trough passes over a region (Holle and Cooper 2016), while the South Asian regions
(Indian subcontinent, Bangladesh, Pakistan, etc.) are affected by lightning during the pre-
monsoon and monsoon seasons. At higher latitudinal areas, about two-thirds of lightning
occurs during the three summer months (Dewan et al. 2017). Spatially most of the light-
ning strikes (~78%) occur over the tropical regions of the world, including land and water
areas (Christian et al. 2003); however, these are highly variable with the marked changes in
elevation and land—water boundaries interaction (Albrecht et al. 2016a, b; Holle and Mur-
phy 2017).

In India, Jammu, Kashmir and Brahmaputra valley is one of the most lightning hot
spot regions (Albrecht et al. 2016a, b). There are many effects of lightning such as visual
effects, accidents caused by the lightning strikes over an area of the building resulting into
fire which may also cause huge damage to property and cause loss of life. Some indirect
accidents also take place when lightning strikes. When lightning strikes, it causes a power
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surge in the different kind of power cables or in transmission links which cause power cuts
(Cummins et al. 1998). To reduce this effect, proper equipment and measures to the people
of the region are provided which are more prone to lightning. This study will help us to
identify the most dominant region and the season for lightning so that early measures and
equipment must be provided to the peoples.

Several studies on lightning have been carried out over the Indian region (Kandal-
gaonkar et al. 2003, 2005; Pawar et al. 2012; Ranalkar and Chaudhari 2009; Lal and Pawar
2009; Penki and Kamra 2013) by examining the flash data collected through various tech-
niques (either ground or satellite based). However, the correlation studies on lightning
with associated casualties are very limited over the Indian region (Singh and Singh 2015;
Gomes and AbKadir 2011).

Thus, the present study systematically analyzes the composite 16-year (1998-2013)
lightning flash data from Lightning Imaging Sensor (LIS) onboard the Tropical Rainfall
Measurement Mission (TRMM) to determine seasonal and monthly variability over India.
The correlation between the fatalities due to lightning and the lightning flashes per kilom-
eter square per year has also been estimated over India. Fatalities’ data are taken from the
NCRB report and the flash counts from the TRMM/LIS over different states of India. The
outline of the present paper is as follows. Section 2 discusses the study area geography, cli-
matology and demography in detail. Next, Sect. 3 discusses the instrumentation (TRMM/
LIS) and datasets used in this study. Section 4 describes the methodology of retrieval of
flash counts and casualty datasets calculation and correlation. Further, Sect. 5 includes the
finding of the study with discussion. Finally, Sect. 6 presents a brief conclusion.

2 Study area

The study area of India is situated in South Asia. Figure 1 shows the regions and states
of India. The latitudinal extent of India is 8°4’ (Kanyakumari) to 37°6" N (Kashmir).
Indian southern boundary extends to 6°45’ N (Indira Point) which lies in the Bay of Ben-
gal. The longitudinal boundary extends from 68°7" E (Rann of Kutch, Gujarat) to 97°25" E
(Arunachal Pradesh). It is the seventh largest country in the world. It is the second most
population-wise country in the world. India remains one of the most ethnically diverse
countries in the world. In south, it is bounded by the Indian Ocean, southwest Arabian Sea
and southeast Bay of Bengal.

Indian continent has a diversified climate. It has a subfreezing Himalayan winters to
tropical climate near to the equator (south). The eastern states and west of Bengal experi-
ence humid, damp and rainy conditions. The western states (Rajasthan, Gujarat) experience
a dry and arid climate. Based on precipitation and temperature, India can be divided into
six climatic regions: the Himalayas, Assam and West Bengal, the Indo-Gangetic Plain, the
Western Ghats and Coast, the Deccan (the interior of the Peninsula south of the Narmada
River), and the Eastern Ghats and Coast. As per the Indian Meteorological Department,
the four seasons are winter (December—February), pre-monsoon (March—-May), monsoon
(June—August) and post-monsoon (September—October). The monsoon provides almost
80% of the annual rainfall to most of the parts of the country. Therefore, this season is
crucially important to farmers for agricultural production, sowing of crops, etc. The cases
of lightning strikes are more likely in the pre-monsoon and monsoon seasons (India: The
Impact of Climate Change to 2030; NIC 2009, April 2009).
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Fig.1 Study area map

3 Instrumentation and data

The Tropical Rainfall Measuring Mission (TRMM) is a joint space mission between
NASA and the Japan Aerospace Exploration Agency (JAXA) to study rainfall for
weather and climate research. TRMM is the first Earth observation satellite (EOS) mis-
sion to observe tropical rainfall and associated phenomena which closely influence the
global climate and environment change. Lightning Imaging Sensor (LIS) (November 28,
1997) onboard TRMM is used to remotely map the lightning flash activity based on a
change in flash emission spectrum. The TRMM satellite follows a spherical orbit and
flies at an altitude of 350 km, with an inclination of 35° to the equator (Boccippio et al.
2000). The data are available for the past two decades from December 1997 up to date
on NASA hydro-repository. LIS uses optical lens with a narrow band filter centered at
777 nm coupled with a high-speed charge-coupled device (CCD) detection array, which
locates and detects the lightning parameter with a storm-scale resolution of 3 km at the
nadir and 6 km at limb view. The LIS detects and locates lightning with storm-scale res-
olution of 5-10 km, around over tropical region (35° S-35° N) on global spherical orbit
coverage. LIS sensor has identification efficiency varying between 69 and 88%, with a
greater efficiency for the nighttime monitoring and identification. It has also the capabil-
ity to observe intra-cloud and cloud-to-ground released flash during both day and night
conditions. The temporal resolution of LIS field of view (FOV) of the sensor over a
specific location of observation for individual storms and associated lightning discharge
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flash system is 80 s, which is enough to measure lightning flash rates in storms (Cecil
et al. 2014; Jayawardena et al. 2014).

The LIS 0.1-degree Very High Resolution Gridded Climatology (VHRGC) collection data-
sets have been used for the duration of 16 years (January 1998-December 2013). Out of the
five sub-datasets of VHRGC collection, Very High Resolution Monthly Collection (VHRMC)
and Very High Resolution Seasonal Collection (VHRSC) lightning climatological datasets
have been used for monthly and seasonal flash rate density estimation. These gridded climato-
logically datasets include monthly and trimester seasonal mean flash density rate with a unit of
number of flash per square kilometer over the region per unit time duration. A brief summary
of the above-mentioned datasets used is shown in Table 1.

NCRB under the Ministry of Home Affairs, Government of India, publishes casualties’
report every year based on the police-recorded data which have been obtained through all
states/UT police. This report also ensures that the data are statistically consistent. Further, the
report compiles the datasets into three categories, viz. natural, unnatural and other causes of
accidental deaths (such as heart attacks and poisoning). The casualty due to lightning has been
placed in the accident due to natural force.

4 Methodology

In this work, seasonal and monthly composite lightning data of LIS/TRMM from January
1998 to December 2013 period have been used to calculate cloud-to-ground lightning flash
density (flash/sq. km/yr) over India.

The lightning phenomenon itself is a great hazard for the stock and livelihood of the popu-
lation because it is related to thunderstorms that produce dense precipitation in various cli-
matic regions, and also the heavily discharge of electrostatic current in the form of flash. With
the knowledge of the structure, and variability of thunderstorms at the local, regional and
global scale over the land and ocean (Christian et al. 2000), these data can be assimilated in
the model for risk and hazard zone mapping.

The extraction and plotting of the flash rate density (FRD) seasonal data (NetCDF format)
with a resolution of 0.1°Xx0.1°, over the Indian region, are done using the raster making pro-
cess and season-wise flash count range classification and state-wise distribution mapping,
using the image processing software QGIS/ESRI. The seasonal division has been done with
the combination of the month as winter (DJF), pre-monsoon (MAM), monsoon (JJA) and
post-monsoon (SON) according to EOS/TRMM data criteria. Further, the retrieved annual
mean flash rate density counts were correlated with the casualties due to lightning data,
obtained from NCRB report for the same duration as shown in Table 2.

During the period from 1998 to 2013, the NCRB reports around 31,7453 total numbers of
deaths attributed to nature, out of which 9.85% were due to lightning as shown in Fig. 2. The
figure categorizes numerous causes of mortality due to natural calamities such as avalanche,
cold and exposure cyclone, thirst, earthquake, epidemic, flood, heat stroke, landslide, light-
ning, forest fires and rainfall, and the rest of the events are categorized under other natural
causes.
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Tale2 Sue i dehdue 0 G
Andhra Pradesh 65
Arunachal Pradesh 0
Assam 24
Bihar 75
Chhattisgarh 165
Goa 0
Gujarat 50
Haryana 7
Himachal Pradesh 4
Jammu and Kashmir 3
Jharkhand 80
Karnataka 77
Kerala 111
Madhya Pradesh 313
Maharashtra 281
Manipur 0
Meghalaya 3
Mizoram 0
Nagaland 0
Orissa 255
Punjab 8
Rajasthan 60
Sikkim 2
Tamil Nadu 71
Tripura 7
Uttar Pradesh 160
Uttarakhand 4
West Bengal 128
A & N Islands 0
Chandigarh 0
D & N Havel 1
Daman and Diu 0
Delhi (UT) 1
Lakshadweep 0
Puducherry 0

5 Results and discussion

This section describes the distribution and state-wise mapping of FRD data over the

Indian region to study the lightning-prone region.
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Fig.2 Death due to various natural disasters over India in the period of 1998-2013

5.1 Seasonal variation

Figure 3 shows lightning flashes (flash/sq. km/yr) over the different regions for major sea-
sons over India. The most prominent season for lightning is pre-monsoon (MAM) and
monsoon (JJA) where lightning as high as 4045 flash/sq. km/yr is observed in the north-
eastern part of India, especially during pre-monsoon. It is a dry season with high tempera-
ture. So, this region experiences high-frequency convection activity and high cloud tops;
hence, the probability of lightning event is more likely. Due to the increase in global tem-
perature, the intensity of thunderstorms, lightning and dust storms is increasing day by day.
The thunderclouds are formed due to excessive heat over Bangladesh, particularly where
the water bodies are higher (nearby mountain regions). The wind convergence forms an
upward movement of warm and moist air (convection), resulting in formation of precipita-
tion with a more chance of thunderstorms. So, there are more cases of lightning not only
in Bangladesh but also on the nearby northeastern states (https://nenow.in/north-east-news/
climate-change-increasing-lighting-death-bangladesh-northeast.html). During December,
January and February (DJF), maximum values ranging from 1 to 15 flashes per kilom-
eter square per year have been observed. During DJF, the northwest part of India cover-
ing Punjab, Jammu and Kashmir and Himachal Pradesh shows light intensity for lightning
5-10 flash/sq. km/yr. Northeast regions Meghalaya and Assam are experiencing maximum
lightning 10-15 flash/sq. km/yr. Kerala and Madhya Pradesh are also reported as the prone
area by lightning 10-15 flash/sq. km/yr in the winter season.

March to May (MAM) is the pre-monsoon season in India. From the map, a high light-
ning rate can be seen over the northeast region, majorly over Assam, Meghalaya in the
range of 40 to 45 flash/sq. km/yr whereas Maharashtra, Gujarat and Madhya Pradesh have
the least amount of lightning. Kerala, Jammu and Kashmir, West Bengal and Orissa experi-
ence moderate lightning from 15 to 35 flash/sq. km/yr. Pre-monsoon is the season for crop
cultivation in whole India. Farmers working in open fields are more prone to be struck by
lightning during this season. Kerala is the first state in India to receive the rain from south-
west monsoon from early June. It hits the Western Ghats of this coastal state. Similarly,
Bengal and Orissa also start receiving rainfall during this time.

Figure 3 shows lightning strikes over India in months from June to August (JJA)
which is marked as the monsoon season in India. In this season, India experiences
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Fig.3 Seasonal variation of lightning flashes (flash/sq. km/yr) over India

lightning strikes between 15 and 35 flash/sq. km/yr. Most vulnerable zone are the parts
of Jammu and Kashmir, Punjab and Himachal Pradesh which lies in the region hav-
ing lightning from 20 to 45 flash/sq. km/yr. Lightning is a form of electric discharge,
and sometimes, it can hit the nearest earth surface. Mountains peaks or higher-altitude
places are therefore the easy targets.

The period September to November (SON) comes after the monsoon season; there-
fore, this season is considered as the post-monsoon season. In this season, the maximum
lightning occurs in Jammu and Kashmir which is around 15-20 flash/sq. km/yr. Figure 3
shows a clear blue throughout the map, which indicates that almost whole India experi-
ence lightning less than ten strikes.

Figure 4 shows the monthly average of maximum flashes per square kilometer. In
April, it is around 23-24 flashes, whereas November, December and January show the
minimum lightning values which are less than five strikes. The overall lightning is high
in the months from March to September during the summer and monsoon seasons,
respectively.
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Monthly Lightning Flash Graph (1998-2013)
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Fig.4 Monthly variation of lightning flashes (flash/sq. km/month) over India in 1998-2013

5.2 Analysis of fatalities by lightning

Lightning is one of the most dangerous natural calamities which take more the 2000
lives per year in India. In our study, we have seen that most of the lightning takes place
in the northeast region, northwest parts of India and some parts of Kerala and Orissa.
We have taken the NCRB reports of India from 1998 to 2013 state-wise and analyzed
the fatalities in India by lightning.

Figure 5a indicates the yearly lightning map over India (1998-2013) and represents
the fatalities by lightning (Fig. 5b) which took place in the past years (1998-2013).
From the map, we may interpret that most of the states lie in the range <50 person
deaths per annum, whereas most of the deaths are recorded in Madhya Pradesh, Maha-
rashtra and Orissa which lie in the range greater than 250. The correlation between the
fatalities by lightning and the lightning striking region is shown in Fig. 6.

Figure 6 does not exactly show the direct or indirect relations between lightning
flashes and the fatalities. Interestingly, the results corroborate the high number of deaths
in Maharashtra, Madhya Pradesh, Orissa, Bihar and Uttar Pradesh with the average
lightning index of 5-35 flash/sq. km/yr, whereas the areas having high flashes per kilo-
meter square per year are Assam, Himachal Pradesh, Jammu and Kashmir, and Megha-
laya where fewer fatalities are recorded.

The maximum casualties are found in Madhya Pradesh (313), Maharashtra (281) and
Orissa (255) per annum. The reason behind less death in Jammu and Kashmir, Assam,
Meghalaya, Himachal and Kerala is that all these states are hilly areas and that most of
the lightning strikes in the hilly parts of given states; however, most of aforementioned
hilly regions have low population density. Therefore, the lightning falls on the ground
where there is very low population, resulting in low death rates in all those areas (Cur-
ran et al. 2000). Similarly, the Madhya Pradesh, Orissa and Maharashtra have high fatal-
ity rates due to lightning because of the highly dense populated area. A single strike
of lightning may take much life in that region. All of these states have plain terrain;
therefore, a lightning strike is less as compared to the hilly regions. But due to the high
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(b) Fatalities Due to Lightning
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Fig.6 Relation between fatalities by lightning and the lightning strikes per year
population density of all these areas, even lesser lightning flashes take the life of many

people due to high chances of being struck by lightning, resulting in high death rates.

6 Conclusions
This study systematically analyzed the Lightning Imaging Sensor (LIS) onboard the Tropi-

cal Rainfall Measurement Mission (TRMM) composite data from 1998 to 2013 over India
to determine seasonal and monthly variability. The correlation between the fatalities due
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to lightning and the lightning flashes per kilometer square per year has also been estimated
over India. Fatalities’ data are taken from the NCRB report, and the flash count extracted
from the TRMM/LIS helped us to see the correlation between fatalities due to lightning
and the lightning strikes over the different states of India. The study reveals that most light-
ning-dominant regions over India are Jammu and Kashmir, Assam, Meghalaya, Himachal
Pradesh, Punjab and Tripura throughout the year with a lightning flash with FRD of >25
flash/sq. km/yr while Arunachal Pradesh, Goa, Gujarat, Daman and Diu and Lakshadweep
have lower frequency of lightning flash with FRD of < 10 flash/sq. km/yr. The study reveals
that most lightning-dominant regions over India are Assam, Jammu and Kashmir, Kerala
and Orissa throughout the year with a lightning flash of more than 25 flash/sq. km/yr. The
lightning dominates during the pre-monsoon season which starts from March and May
having maximum lightning around 45 flash/sq. km/yr. Monsoon season which starts from
June to August experiences high precipitation and maximum lightning flashes of 40 flash/
sq. km/yr in north regions of Jammu and Kashmir.

The lightning takes place mostly in the hilly regions of the different states such as Ker-
ala, Jammu and Kashmir, Assam, Himachal Pradesh and Meghalaya. One of the interesting
results of the study states that as the hilly regions’ population density is low, there are very
few deaths recorded by the lightning in these areas. From 1998 to 2013, the total numbers
of deaths attributed to nature are 317,453, out of which 9.85% were due to lightning. We
also found the annual lightning death is 1955 per annum.

On the other hand, states such as Maharashtra, Madhya Pradesh and Orissa are having
high population density, a single strike may result in a higher fatality rate due to lightning.

Acknowledgements We gratefully thank National Crime Report Bureau (NCRB) for providing the vari-
ous natural disaster data over India and also thank the Earth Observatory System and Science Programme
for providing the TRMM/LIS data. We would also like to acknowledge Dr. D M Lal for his kind sup-
port through out the study work.The funding support from MoES project (MoES/16/18/2017-RDEAS) is
acknowledged.

References

Albrecht R, Goodman S, Buechler D, Blakeslee R, Christian H (2016) LIS 0.1 Degree very high resolution
gridded lightning climatology data collection. Data sets available online [https://ghrc.nsstc.nasa.gov/pub/
lis/climatology/LIS/] from the NASA Global Hydrology Resource Center DAAC, Huntsville, Alabama,
USA

Albrecht RI, Goodman SJ, Buechler DE, Blakeslee RJ, Christian HJ (2016b) Where are the lightning hotspots
on Earth? Bull Am Meteorol Soc 97(11):2051-2068

Aslar AK, Soran A, Yidiz Y (2001) Epidemiology, morbidity, mortality and treatment of lightning injuries in a
Turkish burns unit. Int J ClinPract 55:502-504

Bhardwaj P, Singh O, Kumar D (2017) Spatial and temporal variations in thunderstorm casualties over India
Singapore. J Trop Georg 38(3):293-312

Boccippio DJ, Goodman SJ, Heckman S (2000) Regional differences in tropical lightning distributions. J Appl
Meteorol 39(12):2231-2248

Cecil DJ, Buechler DE, Blakeslee RJ (2014) Gridded lightning climatology from TRMM-LIS and OTD: dataset
description. Atmos Res 135:404—414

Christian HJ, Blakeslee RJ, GoodmanS, Mach DM (2000) Algorithm theoretical basis document (ATBD) for
the lightning imaging sensor (LIS)

Christian HJ, Blakeslee RJ, Boccippio DJ, Boeck WL, Buechler DE, Driscoll KT, Stewart MF (2003) Global
frequency and distribution of lightning as observed from space by the optical transient detector. J Geophys
Res Atmos 108(D1):ACL-4

Cummins KL, Krider EP, Malone MD (1998) The US National Lightning Detection Network/sup TM/and
applications of cloud-to-ground lightning data by electric power utilities. IEEE Trans Electromagn Com-
pat 40(4):465-480

Curran EB, Holle RL, Lépez RE (2000) Lightning casualties and damages in the United States from 1959 to
1994.J Clim 13(19):3448-3464

@ Springer


https://ghrc.nsstc.nasa.gov/pub/lis/climatology/LIS/
https://ghrc.nsstc.nasa.gov/pub/lis/climatology/LIS/

Natural Hazards (2020) 101:217-229 229

Dewan A, Hossain MF, Rahman MM, Yamane Y, Holle RL (2017) Recent lightning-related fatalities and inju-
ries in Bangladesh. Weather Clim Soc 9:575-589

Dowdy AJ (2016) Seasonal forecasting of lightning and thunderstorm activity in tropical and temperate regions
of the world. Sci Rep 6:20874

Gomes C, AbKadir MZA (2011) A theoretical approach to estimate the annual lightning hazards on human
beings. Atmos Res 101(3):719-725

Holle RL, Cooper MA (2016) Lightning-caused deaths and injuries at schools. In: Preprints of the 33rd interna-
tional conference on lightning protection, Estoril, pp 25-30

Holle RL, Murphy MJ (2017) Lightning over three large tropical lakes and the Strait of Malacca: exploratory
analyses. Mon Weather Rev 145(11):4559—4573

India: The Impact of Climate Change to 2030,A Commissioned Research Report, Special Report, NIC 2009,
April 2009. https://www.dni.gov/files/documents/climate2030_india.pdf

Jayawardena W, Fernando M, Sonnadara DUJ (2014) Satellite observation of lightning activities over Sri
Lanka. In: Proceedings of the technical sessions, Institute of Physics, Sri Lanka, vol 30, pp 61-66

Kandalgaonkar SS, Tinmaker MIR, Kulkarni JR, Nath A (2003) Diurnal variation of lightning activity over the
Indian region. Geophys Res Lett. https://doi.org/10.1029/2003GL018005

Kandalgaonkar SS, Tinmaker MIR, Kulkarni JR, Nath A, Kulkarni MK, Trimbake HK (2005) Spatio-
temporal variability of lightning activity over the Indian region. J Geophys Res Atmos. https:/doi.
0rg/10.1029/2004JD00563 1

Lal DM, Pawar SD (2009) Relationship between rainfall and lightning over central Indian region in monsoon
and premonsoon seasons. Res Atmos 92(4):402—410

Lal DM, Ghude SD, Mahakur M, Waghmare RT, Tiwari S, Srivastava MK, Meena GS, Chate DM (2018)
Relationship between aerosol and lightning over Indo-Gangetic Plain (IGP) India. Clim Dyn
50(9-10):3865-3884

Mansell ER, Ziegler CL, Bruning EC (2010) Simulated electrification of a small thunderstorm with two-
moment bulk microphysics. J AtmosSci 67(1):171-194

Mills BD, Unrau L, Pentelow K (2010) Spring Assessment of lightning-related damage and disruption in Can-
ada. Nat Hazards 52(2):481-499

Mulder MBL, Msalu T, Caro J (2012) Salerno remarkable rates of lightning strike mortality in Malawi. PLoS
ONE 7(1) Article €29281

Mushtaq F, Lala MGN, Anand A (2018) Spatio-temporal variability of lightning activity over J&K region and
its relationship with topography, vegetation cover, and absorbing aerosol index (AAI). J Atmos Sol-Terr
Phys 179:281-292

Nath A, Manohar GK, Dani KK, Devara PCS (2009) A study of lightning activity over land and oceanic regions
of India. J Earth Syst Sci 118(5):467

National Crime Records Bureau (2015) http://ncrb.gov.in

Okafor UV (2005) Lightning and acute renal failure: a review. Ren Fail 27:129-134

Pawar SD, Lal DM, Murugavel P (2012) Lightning characteristics over central India during Indian summer
monsoon. Res Atmos 106:44-49

Penki RK, Kamra AK (2013) Lightning distribution with respect to the monsoon trough position during the
Indian summer monsoon season. J Geophys Res Atmos 118(10):4780-4787

Ranalkar MR, Chaudhari HS (2009) Seasonal variation of lightning activity over the Indian subcontinent. Mete-
orolatmos Phys 104(1-2):125-134

Singh O, Singh J (2015) Lightning fatalities over India: 1979-2011. Meteorol Appl 22(4):770-778

Wetli Kerauno CV (1996) Pathology: an analysis of 45 fatalities. J Forensic Med Pathol 17(2):89-98

‘Whitecomb D, Martinez JA, Daberkow D (2002) Lightning injuries. South Med J 95:13314

https://data.gov.in/catalog/stateut-wise-distribution-accidental-deaths-natural-causes

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://www.dni.gov/files/documents/climate2030_india.pdf
https://doi.org/10.1029/2003GL018005
https://doi.org/10.1029/2004JD005631
https://doi.org/10.1029/2004JD005631
http://ncrb.gov.in
https://data.gov.in/catalog/stateut-wise-distribution-accidental-deaths-natural-causes

	The major lightning regions and associated casualties over India
	Abstract
	1 Introduction
	2 Study area
	3 Instrumentation and data
	4 Methodology
	5 Results and discussion
	5.1 Seasonal variation
	5.2 Analysis of fatalities by lightning

	6 Conclusions
	Acknowledgements 
	References




