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Abstract

Lightning activity over Telangana (17° N-19° N and 78° E-82° E), and the 13 districts
of Andhra Pradesh (A.P) are studied using the data from the lightning imaging sensor
aboard the Tropical Rainfall Measuring Mission (TRMM) satellite data during the period
1998-2013. It is observed that the flash rate density, flash count, and flash days over the
study regions (Telangana, Rayalaseema, and coastal A.P) exhibit semi-annual variation
with primary maximum in the pre-monsoon season (May—June) and secondary maxi-
mum in the post-monsoon season (September). The annual mean flash count is maximum
(87.645) over Vishakhapatnam district, and flash rate density is maximum (0.058 fl km™2
day™") over Srikakulam district compared to all other regions. The Inter-annual variation of
lightning flash count shows that the lightning over Srikakulam district is increasing signifi-
cantly. In Telangana, Rayalaseema (except Chittoor district), and coastal A.P (except Gun-
tur, Krishna and Nellore) regions the flash count is highly correlated with surface tempera-
ture and convective available potential energy. The correlation of flash count with Aerosol
Optical Depth and convective precipitation is very poor over these regions. This shows that
the lightning over Telangana, Rayalaseema and in coastal A.P districts during pre-monsoon
season is mainly due to buoyancy force developed because of the heating of land during
daytime. The lightning flash Radiance values over Telangana, Rayalaseema, and coastal
Andhra Pradesh regions are maximum during post-monsoon season (October—November).
This study helps in understanding the spatio-temporal variation and the intensity of light-
ning activity over Telangana and A.P, which is first of its kind, over these regions.
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1 Introduction

Lightning, because of its hazardous nature is one of the topics of vigorous research in the
recent decade. The study of spatio-temporal variability of lightning activity and its cor-
relation with different meteorological parameters is very much important because of the
dependence of lightning activity on the environmental conditions and the topography of
the region over which it develops (Saha et al. 2017; Mustaq et al. 2018; Yadava et al. 2020;
Kamra and Ramesh Kumar 2021). The meteorological conditions and their interaction
with topography are mainly responsible for the development of clouds with greater vari-
ability in their dynamical features. The intense incoming solar radiation heats the surface
of the earth and the atmosphere present above the surface. The air parcel above the surface
becomes less dense than the surrounding atmosphere. This results in the uplift of the lower
surface air parcel to move vertically upwards. The lower surface air parcel continues to
grow upwards as long as it is warmer than the surrounding atmosphere. The upward mov-
ing air parcel starts condensing when the temperature reaches the dew point temperature.
Formation of cloud takes place once the air parcel reaches the lifting condensation level.
If the air parcel reaches the altitude where the temperatures are above the freezing level
(level of 0 °C isotherm) Ice nuclei and super cooled liquid water coexist (Dolezalek and
Reiter 1977; Kessler 1982). The needed energy for this process to occur is supplied by
the convective available potential energy (CAPE). CAPE is the measure of buoyancy force
that performs on a parcel of air (Murugavel et al. 2014). The simultaneous presence of
super cooled liquid droplets and the ice particles in the mixed phase region is considered
as the necessary ingredient for the development of lightning activity (Williams et al. 1989;
Saunders et al. 1995). The study on spatio-temporal variation of deep convective systems
(DCS) (Wu et al. 2013) show that DCS, characterized by 20dbz Tropical Rainfall Measur-
ing Mission (TRMM) satellite Precipitation Radar (PR) echo top height extending 14 km,
are mainly associated with CAPE.

Different studies revealed the dependence of lightning activity on different meteorologi-
cal parameters. Some studies such as (Williams et al. 1992; Petersen et al. 1996) found
the dependence of lightning on the updraft development, and studies by (Petersen and
Rutledge 1998; Tapia et al. 1998) established the relationship between rain rate and light-
ning. A wide range of studies (Price 1993; Markson and Price 1999; Willaims et al. 2000)
shows the dependence of lightning on surface temperature. The aerosols affect the radia-
tion budget of the atmosphere directly or indirectly by the process of absorption and scat-
tering of incoming solar radiation. Aerosols are mainly responsible for cloud droplet size
(Twomey et al. 1984), precipitation process (Albrecht 1989), and electrical properties of
cloud and in turn lightning discharges (Westcott 1995; Stallins and Rose 2008; Kar et al.
2009; Siingh et al. 2013, 2014) by the process of an indirect affect.

Various studies on lightning activity over the Indian region deal with the spatio-tem-
poral distribution of lightning activity and its association with different meteorologi-
cal parameters of the region. Most of the studies on spatio-temporal variability of light-
ning activity over the Indian region are by (Kandalgaonkar et al. 2003, 2005; Chaudhari
et al. 2008; Nath et al. 2009; Ranalkar and Choudhary 2009; Tinmaker and Chate 2013;
Unnikrishnan et al. 2021; Chakraborty et al. 2021; Kamra and Ramesh Kumar 2021), while
studies on lightning activity association with global electric circuit are by (Siingh et al.
2008), lightning activity and projected change in climate and its association with Indian
subcontinent by Saha et al. 2017, and studies on lightning activity variation with differ-
ent teleconnections such as EI-Nino Southern Oscillation (ENSO), Indian Ocean Dipole
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(IOD), and monsoon trough are by (Penki and Kamra 2012a, 2012b, 2013). Critical review
of the results of these studies show that these studies mainly focused on the dependence of
lightning activity over different meteorological parameters of the region.

The present study region is situated on the east coast of Southern peninsular India. The
east coast of India is much prone to severe thunder storms and progress of the synoptic
systems, developed over the Bay of Bengal, through this region. The main aim of the pre-
sent study is to understand the spatio-temporal variability of lightning over Andhra Pradesh
and Telangana, comprising of 13 districts of Andhra Pradesh. These are divided into two
regions in which the 4 districts Anantapur, Chittoor, Kadapa, and Kurnool are referred
to as Rayalaseema and the remaining 9 districts (East Godavari, West Godavari, Guntur,
Krishna, Nellore, Prakasam, Srikakulam, Visakhapatnam, and Vizianagaram) are referred
to as coastal A.P. The study also includes the spatio-temporal variation of flash radiance
which enables us to understand the strong physical processes of the storm and the energy
of the lightning flash (Qie et al. 2003; Michael Peterson and Scott Rudlosky 2019). Opti-
cal radiance is affected by the scattering of cloud medium (Boccippio et al. 2000; Peterson
et al. 2016, 2017) which helps in the understanding the structure of the cloud. The light-
ning flash radiance data from TRMM LIS sensor are used for the study of spatio-temporal
variation of lightning intensity in the study regions.

2 Datasets

The lightning data used for this study are obtained from the Lightning Imaging Sen-
sor (LIS) onboard TRMM satellite. The LIS onboard TRMM satellite was launched on
November 28, 1997, at an altitude of 350 km with 35° inclination. The lightning imaging
sensor is capable of taking images with storm—scale resolution of 3—6 km with swath width
of 550 km. The temporal resolution of the sensor is 90 s with a spatial extent of 38°N and
38° S. The lightning data for the study region are obtained from the space time domain
search of the website https://ghrc.nsstc.nasa.gov/lightning/data/data_lis_trmm.html dur-
ing the period 1998-2013 and also TRMM LIS Very High Resolution data with 0.1°X0.1°
resolution monthly mean data product was used.

The meteorological parameters such as surface temperature, convective rainfall data
were obtained from MERRA-2 (Modern-Era Retrospective analysis for Research and
Applications version 2) model with a resolution of 0.5° x0.625° for the period 1998-2013.
Aerosol optical depth (AOD) is obtained from MODIS version 3 (Moderate Imaging Spec-
troradiometer) with a resolution of 1° x 1° for the period 2001-2013 from the Giovanni
website https://giovanni.gsfc.nasa.gov/giovanni/.

The convective available potential energy (CAPE) data are obtained from ERAS
ECMWEF (European Centre for Medium Range Weather Forecasting) website with a reso-
lution of 0.25° X 0.25° for the period 1998-2013.

3 Climate of the study regions
Spatio-temporal variation of lightning is studied over Telangana and Andhra Pradesh
states. Figure 1 represents the location of the study region. Telangana is situated on the

Deccan plateau with an average elevation of the plateau is 500 m. The region is located
in the semi-arid area with hot and dry climate. Most of the rainfall occurs over this region
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Fig.1 Location map of the study region (source: https://en.wikipedia.org/wiki/Telangana_movement#/
media/File:India_Telangana_locator_map.svg, https://www.clearias.com/telangana-andhra-pradesh/)

during south—west monsoon season (June—September) and North—East monsoon (https://
www.tsdps.telangana.gov.in/Weather&Climatology_of_telangana.pdf). The central Telan-
gana region is chosen to study the spatio-temporal variation of lightning. Southwest mon-
soon hit the Telangana state in the second week of June.

The spatio-temporal variation of lightning is also examined over Andhra Pradesh. Gen-
erally, the climate of coastal Andhra Pradesh is hot and humid, while Rayalaseema is com-
paratively drier region. South—west monsoon plays a major role in determining the climate
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of Andhra Pradesh. Summer season with associated high level of moisture content extends
from March—June in this state. The summer season is followed by the monsoon season
which extends from June to September. About one third of rainfall occurs over this region
during North—East monsoon which occurs during the month of October (https://imdpune.
gov.in/hydrology/rainfall %20variability %20page/andhra_final.pdf).

4 Results and discussion
4.1 Monthly variation of flash rate density, flash count, flash days, and radiance

Figure 2 shows the area average monthly mean values of flash rate densities of the study
regions Telangana and Andhra Pradesh. In the study regions flash rate densities exhibits
semi-annual variation with primary maximum during the month of May and second-
ary maximum during the month of September. Similarly, semi-annual variation of flash
count is observed over Telangana with primary maximum in the month of May and
the secondary maximum in the month of September (Fig. 3a). Similarly monthly vari-
ation of flash count over the districts of Rayalaseema region shows primary maximum
in the month of May and secondary maximum in the month of September (Fig. 3b).
Flash count over the districts of coastal Andhra Pradesh also exhibit semi-annual vari-
ation with primary maximum during April-May and secondary maximum during the
month of September (Fig. 3c). The increase in flash frequency during the September
month can be explained on the basis of thermodynamic instability developed during
withdrawal phase of the monsoon and onset of northeast monsoon in this region during
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Fig.2 Monthly variation of lightning flash characteristics (Flash rate density, Flash count, Flash day, and
Flash radiance) over Telangana
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Fig. 3 Monthly variation of Flash rate density over a Rayalaseema and b coastal Andhra Pradesh

this month. While considering the monthly variation of meteorological parameters over
Telangana, surface temperature (Fig. 4a) is found to increase during pre-monsoon sea-
son (March—-May) reaching maximum value in the month of May. Thereafter the sur-
face temperature is found to decrease during the monsoon season (June—September) and
post-monsoon season (Oct—Nov) reaching minimum value in winter season (Dec—Jan).
Similar trend is observed in the districts of Rayalaseema and coastal Andhra Pradesh.
The high frequency of lightning and maximum values of surface temperature during
the pre-monsoon season suggests association of lightning with surface temperature
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Fig.4 Monthly variation of Flash radiance over a Rayalaseema and b coastal Andhra Pradesh

(Williams et al. 1994). The latitude and longitude of all the districts of Andhra Pradesh
state were collected from Andhra Pradesh state portal (ap.gov.in).

The frequency of flash days over Telangana (Fig. 5a) shows semi-annual variation with
primary maximum during the month of June and secondary maximum during the month of
September. Rayalaseema and coastal Andhra Pradesh also exhibit semi-annual variation of
flash days (Fig. 5b and c¢) with primary peak during the month of May and secondary peak

during the month of September.
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Fig.5 Monthly variation of Flash count over a Rayalaseema and b coastal Andhra Pradesh

Lightning flash radiance over Telangana, Rayalaseema, and coastal Andhra Pradesh
region is found maximum during the post-monsoon season (October—November)
(Fig. 6a) and minimum during the winter season (Dec—Jan). TRMM LIS lightning flash
radiance represents the strong physical processes of thunderstorm, its dependence on
depth of the cloud and energy of lightning over different regions (Qie et al. 2003). The
study by (Petersen et al. 2017a) shows that superbolt is associated with high radiance
values. This suggests lightning over Telangana and Rayalaseema regions during mon-
soon season are more energetic compared to other season lightning.
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Fig.6 Monthly variation of number of Flash days over a Rayalaseema and b coastal Andhra Pradesh

4.2 Inter-annual variation and correlation of flash count with meteorological

parameters

Simple linear regression is performed to find out the correlation between flash count and
meteorological parameters (surface temperature, CAPE, convective precipitation, and
AOD). Table 2 represents the values of correlations between flash counts, surface tem-
perature, CAPE, convective precipitation, and AOD with the corresponding p values
with a significance level of 0.05. High correlations (0.76 <CC <0.82) were observed
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between lightning flash count and surface temperature over Telangana, in all the districts
of Rayalaseema except Chittoor where moderate CC (0.67) is observed. High correlation
(0.70<CC<0.89) is found in all the districts of coastal Andhra Pradesh except in the dis-
tricts of Guntur, Krishna, and Nellore where moderate correlation (0.51 <CC<0.58) is
observed. High correlation between flash count and surface temperature indicates that the
development of lightning is due to the convection developed because of excessive heating
of land by the incoming solar radiation. Previous studies (Price and Asfur 2006; Sekuguchi
et al. 2006) also emphasizes the strong association of lightning with surface temperature.

Similarly, significant correlation (0.90<CC<0.96) is observed between lightning
flash count and CAPE in the districts of Telangana, Rayalaseema (except Chittoor where
CC=61) and in the districts of coastal Andhra Pradesh (0.87 < CC <0.96) except in Gun-
tur, Krishna, and Nellore where moderate correlation (0.34 < CC <0.53) is observed.

Very poor correlation of flash count with convective precipitation is observed over Tel-
angana and Rayalaseema regions, whereas moderate correlation (CC <0.50) (Table 2) is
observed in the districts of coastal Andhra Pradesh except Guntur, Krishna, and Nellore
districts where significant correlation (CC) (varies from 0.72 to 0.76) is observed (Table 2).
This confirms the earlier studies (Piepgrass et al. 1982; Williams et al. 1989; Tapia et al.
1998; Lang and Rutledge 2002; Lal and Pawar 2009) that the lightning is regionally
dependent on rainfall. Observations in the previous studies (Rutledge and MacGorman
1985; Sun et al. 2019) show that —CG flashes are mainly concentrated on convective pre-
cipitation regions. Hence lightning flash count during post-monsoon season over Guntur,
Krishna, and Nellore is mainly due to convective precipitation. Very poor correlation is
observed between lightning flash count and AOD in the study regions except in Chittoor
where significant correlation (0.74) is observed.

Inter-annual variation of lightning characteristics is studied to understand the variation
of lightning activity over longer time period. Figure 7 represents the inter-annual varia-
tion of lightning characteristics during the period 1998-2013. Lightning flash count in
the study regions Telangana, Rayalaseema, and in the districts of coastal Andhra Pradesh
shows increasing trend. Lightning flash count over Srikakulam district shows significant
increasing trend during the period 1998-2013 compared to other regions. The lightning
flash count is highly correlated with surface temperature (CC=0.89), CAPE (0.95) and
moderately correlated (CC=0.65) (Table 2) with AOD in the Srikakulam district. The
increasing trend of lightning flash count in this region is attributed to the change in the sur-
face temperature during the period 1998-2013 because of global warming. Annual mean
flash count (Table 1) over Vishakhapatnam district is maximum (87.645) compared to all
other regions. Annual mean flash rate density is maximum over Srikakulam district com-
pared to all other regions.

5 Discussion

Maximum flash count, flash rate density, and high correlation of lightning flash count
with surface temperature and CAPE are observed (Table 2) during pre-monsoon sea-
son (March to May) over Telangana, Rayalaseema (Except Chittoor), and in coastal
Andhra Pradesh (except Guntur, Krishna, and Nellore). This confirms several earlier
studies (Price 2003; Kandalgaonkar et al. 2005; Penki and Kamra 2012a, 2013) which
establishes the sensitivity of lightning activity with surface temperature and CAPE. It is
observed that a change in the wet-bulb temperature of 1° K would result in the increase
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Table2 Correlation of flash count with surface temperature (°C), CAPE (j kg™!) aerosol optical depth
(550 nm), and convective precipitation (kg m~2s™!) in Telangana, Rayalaseema, and coastal Andhra
Pradesh

Region St (°C) CAPEJ kg"l Convective AOD 550 nm
precipitation kg
m=2 ¢!

CC p value CC pvalue CC pvalue CC p value
1. Telangana 0.76 0.00393 0.90 <0.0001 0.29 0.34393  0.33  0.29303
Rayalaseema
1. Anantapur 0.76 0.00355 0.96 <0.0001 0.23 047137 0.34 0.2847
2. Chittoor 0.67 0.01599 0.61 0.03397 0.59 0.04055 0.74  0.0059
3. Kadapa 0.78 0.00256 091 <0.0001 0.29 0.35885 0.46 0.12579
4. Kurnool 0.82 9.69928E-4 0.94 <0.0001 0.24 043762 034 02713
Coastal Andhra Pradesh
5. Prakasam 0.79 0.00203 0.85 3.52675E-4 0.52 0.07877 0.49 0.1055
6. Guntur 0.57 0.04921 0.53 0.07017 0.76 0.00345 0.50 0.09308
7. Krishna 0.58 0.04374 0.62 0.03122 0.72  0.0079 049 0.10109
8. Nellore 0.51 0.08394 0.34 0.27864 0.81 0.00135 046 0.12501
9. EgDt 0.84 5.30258E-4 0.87 1.59991E-4 0.26 0.39759 0.32  0.30851
10. WgDt 0.70 0.01066 0.88 1.51544E-4 0.45 0.1394 049 0.1053
11. Vishakhapatnam  0.88 1.25565E-4 0.96 <0.0001 0.28 0.36187 0.51  0.08802
12. Srikakulam 0.89 <0.0001 095 <0.0001 0.27 0.38071 0.65 0.0218
13. Vizianagaram 0.86 2.93301E-4 093 <0.0001 042 0.16878 0.60 0.03616

in lightning activity by 40% (Reeve and Toumi 1999). This emphasizes that a small
increase in surface temperature would result in a marked increase in lightning activity.
This indicates that the rise in surface temperature due to global warming is responsible
for the increasing trend in lightning activity over the study regions. CAPE is found to
influence nonlinearly the growth and accumulation of ice particles in the upper part of
the cloud and also helps in the charge separation by the differential motions of the parti-
cles (Williams 1992). Hence, buoyancy force developed due to heating of land, because
of incoming solar radiation, is mainly responsible for the electrical activity of the thun-
derstorm during pre-monsoon season in Telangana, Rayalaseema (except Chittoor),
and in coastal Andhra Pradesh (except Guntur, Krishna, and Nellore). The secondary
maximum is attributed to the instability developed due to the withdrawal phase of the
monsoon and onset of the northeast monsoon over this region. Maximum lightning over
these regions during pre-monsoon and post-monsoon seasons is not only due to the sen-
sitivity of lightning with surface temperature and CAPE but also because of the thun-
derstorms developed due to the passage of the tropical cyclones emerged over Bay of
Bengal (Penki and Kamra 2012b).

Monthly variation of convective precipitation (Fig. 8a and b) over Telangana and
Rayalaseema shows maximum value during post-monsoon season. The monthly vari-
ation of convective precipitation (Fig. 8c) over coastal Andhra Pradesh shows maxi-
mum value during monsoon and post-monsoon season. Aerosol optical depth does not
show any definite trend over coastal Andhra Pradesh and Rayalaseema regions (Fig. 9b
and c), while maximum values of AOD are observed during monsoon season over
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Fig. 8 Monthly variation of
surface temperature over a
Telangana, b Rayalaseema, and ¢
coastal Andhra Pradesh
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Fig.9 Monthly variation of
convective precipitation over a
Telangana, b Rayalaseema, and ¢
coastal Andhra Pradesh
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Telangana (Fig. 9a). Very poor correlation of lightning with convective precipitation
(except Guntur, Krishna, and Nellore) and AOD (except Chittoor) is observed (Table 2)
in the study regions. In Chittoor high correlation is observed between lightning flash
count and AOD. Hence the lightning activity over Chittoor is due to high AOD val-
ues during the pre-monsoon season. High concentration of aerosols inhibits collision
and coalescence process results reduced droplet size and suppression of warm rain pro-
cess (Rosenfeld 1999). High aerosol concentration is responsible for the formation of
large hail (Rosenfeld and Woodley 2000) and increase in the total number of lightning
flashes (Orvilley et al. 2001; Stallins and Rose 2008; Wang et al. 2011; Tao et al. 2012).
This clearly establishes the earlier studies finding that the sensitivity of lightning with
precipitation and aerosols varies from region to region (Rosenfeld 2003; Kamra and
Ramesh Kumar 2021). The monthly variation of lightning flash radiance over Telangana
shows maximum during the month of June (Fig. 6a). The radiance values of lightning
flash characterize the convective intensity of thunderstorm (Jin You et al. 2019). This
shows that in spite of decreasing trend of lightning flash count during monsoon season
the lightning flashes are highly energetic because of the presence of deep convective
systems over Telangana. Similar pattern of lightning flash radiance is observed in the
districts of Ryalaseema (Fig. 6b). The lightning flashes due to low radiance values in
the pre-monsoon season (Fig. 6b), are less energetic compared to monsoon season light-
ning over Rayalaseema, whereas over coastal Andhra Pradesh lightning flash radiance is
maximum during pre-monsoon season.

Very poor correlation of flash count and convective precipitation is observed over
coastal Andhra Pradesh except Guntur, Krishna, and Nellore districts where high corre-
lation is observed. This clearly shows that lightning over Guntur, Krishna, and Nellore
districts is mainly due to the deep convective systems because of the passage of the syn-
optic systems developed over Bay of Bengal through these regions during pre-monsoon
and post-monsoon seasons. The maximum annual mean value of flash count shows that
lightning frequency is high over Vishakhapatnam district and maximum flash rate density
shows that frequency of intense thunderstorms and lightning frequency over Srikakulam
district are high compared to other regions. The inter-annual variation of flash count shows
increasing trend over Telangana and Andhra Pradesh regions with a significant increas-
ing trend over Srikakulam district during the period 1998-2013. The significant increasing
trend over Srikakulam is due to the change in surface temperature over this region. Earlier
studies by (Kandalgaonkar et al. 2005) show that a small change in surface temperature
leads to a greater increase in lightning activity (Fig. 10).

6 Conclusions

The monthly variation of flash count and flash rate density exhibits semi-annual variation
in the study regions. Primary maximum of both the parameters flash count and flash rate
density over Telangana is observed during May and secondary maximum is observed dur-
ing September. Similar trend is observed in flash rate density over coastal Andhra Pradesh
and Rayalaseema, whereas the lightning flash count exhibits primary maximum during
April-May and Secondary maximum during September. High correlations between flash
count with surface temperature and CAPE over Telangana, Rayalaseema regions (Except
Chittoor), and coastal Andhra Pradesh (except Guntur, Krishna, and Nellore) shows that
lightning discharge in the pre-monsoon season occurs because of excessive heating of land
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Fig. 10 Monthly variation of
convective available potential
energy (CAPE) over a Telan-
gana, b Rayalaseema, and ¢
coastal Andhra Pradesh
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Fig. 11 Inter-annual variation of Flash count over Telangana, Rayalaseema, and coastal Andhra Pradesh
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supported by buoyancy force, while the maximum lightning flash count during Septem-
ber is attributed to the convective instability developed due to withdrawal of the monsoon
and onset of northeast monsoon. Monthly variation of radiance, characteristics of light-
ning energy, shows maximum values during post-monsoon season over Telangana, Rayala-
seema, and coastal Andhra Pradesh regions. This shows that lightning flash count during
post-monsoon season is highly energetic than that in the pre-monsoon and winter season
lightning over these regions. Lightning flash count is maximum over Vishakhapatnam.
Inter-annual variation of lightning over the study regions shows increasing trend during the
period 1998-2013. Flash rate density is found maximum over Srikakulam and lightning
flash count over Srikakulam, district of coastal Andhra Pradesh exhibits significant increas-
ing trend. The increasing trend of lightning flash count over Telangana, Rayalaseema, and
coastal A.P is attributed to the change in surface temperature which is due to global warm-
ing (Fig. 11).

Acknowledgements PRK is thankful to Head, Department of Meteorology and Oceanography, Andhra Uni-
versity, S.S.V.S.Ramakrishna, Honorary Professor Department of Meteorology and Oceanography, Andhra
University for providing necessary facilities to carryout this research work. We acknowledge the NASA,
NOAA, and ECMWEF for the data on their websites http://ghrc.msfc.nasa.gov, http://modis.gsfc.nasa.gov/
data/, http://data-portal.ecmwf.int.

Funding The authors have not disclosed any funding.

Declarations

Conflict of interest The authors have not disclosed any competing interests.

References

Albrecht B (1989) Aerosols, cloud microphysics and fractional cloudiness. Science 245:1227-1230

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

Chaudhari HS, Ralankar MR, Kumar YV, Jai Ho Oh, Singh GP (2008) Study of lightning activity over
Indian subcontinent. Adv Geosci 16:121-132

Chakraborty R, Chakraborty A, Basha G, Ratnam MV (2021) Lightning occurrences and intensity over the
Indian region: long-term trends and future projections. Atmos Chem Phys 21(14):11161-11177

Dolezalek H, Reiter R (eds) (1977) Electrical processes in atmospheres. Steinkopff, Darmstadt, Germany

Kamra AK, Ramesh Kumar P (2021) Regional variability in lightning activity over south Asia. Int J Clima-
tol 41:625-646. https://doi.org/10.1002/joc.6641

Kandalgaonkar SS, Tinmaker MIR, Kulkarni JR, Nath A (2003) Diurnal variation of lightning activity over
the Indian region. Geophys Res Lett 30(20):2022. https://doi.org/10.1029/2003GL018005

Kandalgaonkar SS, Tinmaker MIR, Kulkarni JR, Asha N, Kulkarnil MK (2005) Spatio-temporal variability
of lightning activity over the Indian region. J Geophys Res. https://doi.org/10.1029/2004JD00563 1

Kar SK, Liou YA, Ha KJ (2009) Aerosol effects on the enhancement of cloud-to-ground lightning over
major urban areas of South Korea. Atmos Res 92:80-87

Kessler E (1982), Thunderstorms: a social. Scientific, and Technological Documentary, Univ.of Oklahoma
Press. Norman, Okla.

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

Lang TJ, Rultedge SA (2002) Relationship between convective storm kinematics, microphysics and light-
ning. Mon.Weathe. Rev 130:2492-2506

Markson R, Price C (1999) Ionospheric potential as a proxy index for global temperature. Atmos Res
51:309-314

Murugavel P, Pawar SD, Gopalakrishan V (2014) Climatology of lightning over Indian regionand its rela-
tionship with convective available potential energy. Int J Climatol 34:3179-3187. https://doi.org/10.
1002/joc.3901

@ Springer


http://ghrc.msfc.nasa.gov
http://modis.gsfc.nasa.gov/data/
http://modis.gsfc.nasa.gov/data/
http://data-portal.ecmwf.int
https://doi.org/10.1002/joc.6641
https://doi.org/10.1029/2003GL018005
https://doi.org/10.1029/2004JD005631
https://doi.org/10.1002/joc.3901
https://doi.org/10.1002/joc.3901

Natural Hazards (2023) 117:71-92 91

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 over land and oceanic regions of
India. J Earth Sys Sci 118:467-481

Orville RE, Huffines G, Nielsen-Gammon J, Zhang R, Ely B, Steiger SM, Phillips S, Allen S, Read W (2001)
Enhancement of cloud-to-ground lightning over Houston. Texas Geophys Res Lett 28:2597-2600

Penki RK, Kamra AK (2012a) Spatiotemporal variability of lightning activity in the Himalayan foothills. J
Geophys Res 117:D24201. https://doi.org/10.1029/2012JD018246

Penki RK, Kamra AK (2012b) Land-sea contrast in lightning activity over the sea and peninsular regions of
South/Southeast Asia. Atmos Res 118:52-67

Penki RK, Kamra AK (2013) The lightning activity associated with the dry and moist convections in the
Himalayan Regions. J Geophys Res 118:6246—6258. https://doi.org/10.1002/jgrd.50499

Petersen WA, Rutledge SA (1998) On the relationship between cloud-to-ground lightning and convective
rainfall. J Geophys Res 103:14025-14040

Peterson MJ, Deierling W, Liu C, Mach D, Kalb C (2016) The properties of optical lightning flashes and the
clouds they illuminate. J Geophys Res 122:423-442

Peterson MJ, Deierling W, Liu C, Mach D, Kalb C (2017) The properties of opticallightning flashes and the
clouds they illuminate. J Geophys Res 122:423-442. https://doi.org/10.1002/2016JD025312

Peterson M, Rudlosky S (2019) Thetime evolution of optical lightningflashes. J Geophys Res 124:333-349.
https://doi.org/10.1029/20181D028741

Piepgrass MV, Krider EP, Moore CB (1982) Lightning and surface rain fall during Florida thunderstorm. J
Geophys Res 87:11193-11201

Price C (1993) Global surface temperature and the atmospheric global circuit. Geophys Res Lett
20:1363-1366

Price C (2009) Thunderstorms, lightning and climate change. In: Betz HD, Schumann U, Laroche P (eds)
Lightning: principles, instruments and applications. Springer, Dordrecht. https://doi.org/10.1007/978-
1-4020-9079-0_24

Price C, Asfur M (2006) Inferred long term trends in lightning activity over Africa. Earth, Planets and Space
58:1197-1201. https://doi.org/10.1186/BF03352010

Qie X, Toumi R, Yuan T (2003) Lightning activities on the Tibetan Plateau as observed by the lightning
imaging sensor. J Geophys Res 108(D17):4551. https://doi.org/10.1029/2002JD003304

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

Reeve N, Toumi R (1999) Lightning activity as an indicator of climate change. Q J R Meteorol Soc
125:893-903

Rosenfeld D (1999) TRMM observed first direct evidence of smoke from forest fires inhibiting rainfall.
Geophys Res Lett 26(20):3105-3108

Rosenfeld D, Woodley WL (2000) Convective clouds with sustained highly super cooled liquid water down
to —37 °C. Nature 405:440-442

Rosenfeld D, Woodley WL (2003) Closing the 50-year circle: from cloud seeding to space and back to cli-
mate change through precipitation physics. In: Tao W-K, Adler R (Eds.), Cloud systems, hurricanes,
and the tropical rainfall measuring mission (TRMM), Meteorol. Mono., vol. 51. American Meteoro-
logical, 59-80.

Rutledge SA, MacGorman DR (1988) Cloud-to-ground lightning activity in the 10-11 June 1985 mes-
oscale convective system observed during the Oklahoma-Kansas PRE-STORM project. Mon Wea Rev
116:1393-1408

Saha U, DevendraaSiingh AK, Kamra EG, Animesh Maitra RP, Singh AKS, Chakraborty S, Singh R (2017)
On the association of lightning activity and projected change in climate over the Indian sub-continent.
Atmos Res 183:173-190. https://doi.org/10.1016/j.atmosres.2016.09.001

Saunders CPR (1995) Thunderstorm electriifcation, In: Handbook of atmospheric electrodynamics. In: Vol-
land H (ed) 61-92. CRC Press, Boca Raton, Florida

Sekiguchi M, Hayakawa M, Nickolaenko AP, Hobara Y (2006) Evidence on a link between the intensity of
Schumann resonance and global surface temperature. Ann Geophys 24:1809-1817

Siingh D, Kumar PR, Kulkarni MN, Singh RP, Singh AK (2013) Lightning, convective rain and solar activ-
ity over the South/Southeast Asia. Atmos Res 120-121:99-111

Siingh D, Buchunde PS, Singh RP, Nath A, Kumar S, Ghodpage RN (2014) Lightning and convective rain
study in different parts of India. Atmos Res 137:35-48

Siingh D, Singh AK, Patel RP, Singh R, Singh RP, Veenadhari B, Mukherjee M (2008) Thunderstorms,
lightning, sprites and magnetospheric whistler-mode radio waves. Surv Geophys 29:499-551

@ Springer


https://doi.org/10.1029/2012JD018246
https://doi.org/10.1002/jgrd.50499
https://doi.org/10.1002/2016JD025312
https://doi.org/10.1029/2018JD028741
https://doi.org/10.1007/978-1-4020-9079-0_24
https://doi.org/10.1007/978-1-4020-9079-0_24
https://doi.org/10.1186/BF03352010
https://doi.org/10.1029/2002JD003304
https://doi.org/10.1016/j.atmosres.2016.09.001

92 Natural Hazards (2023) 117:71-92

Stallins JA, Rose LS (2008) Urban lightning: current research, methods, and the geographical perspective.
Geogr Compass 2:620-639

Sun J, Chai J, Leng L, Xu G (2019) Analysis of lightning and precipitation activities in three severe convec-
tive events based on doppler radar and microwave radiometer over the central China region. Atmos-
phere 10:298. https://doi.org/10.3390/atmos 10060298

Tao W-K, Chen J-P, Li Z, Wan C, Zhang C (2012) Impact of aerosols on convective clouds and precipita-
tion. Rev Geophys 50:RG2001. https://doi.org/10.1029/201 1RG000369

Tapia A, Smith JA, Dixon M (1998) Estimation of convective rainfall from lightning observations. J Appl
Meteorol 37:1497-1509

Tinmaker MIR, Chate DM (2013) Lightning activity over India: a study of east-west contrast. Int J] Remote
Sens, 34:5641-5650. https://doi.org/10.1080/01431161.2013.794987

Twomey SA, Piepgrass M, Wolfe TL (1984) An assessment of the impact of pollution on global cloud
albedo. Tellus 36B:356-366

Unnikrishnan CK, Sunil Pawar, Gopalakrishnan V (2021) Satellite-observed lightning hotspots in India and
lightning variability over tropical South India. Adv Space Res 68(4):1690-1705. https://doi.org/10.
1016/j.asr.2021.04.009

Walter A. Petersen, Steven A. Rutledge, and Richard E. Orville, (1996), American Meteorological Society,
602-620, https://doi.org/10.1175/1520-0493(1996)124<0602: CTGLOF>2.0.CO;2.

Wang SS, Zheng JY et al (2011) Development of an emission processing system for the Pearl River Delta
Regional air quality modeling using the SMOKE model: methodology and evaluation. Atmos Environ
45(29):5079-5089

Westcott NE (1995) Summertime cloud-to-ground lightning activity around major Midwestern urban areas.
J Appl Meteorol 34:1633-1642

Williams ER, Rutledge SA, Geotis SC, Renno N, Rasmussen E, Rickenbach T (1992) A radar and electrical
study of tropical hot tower. J Atmos Sci 49:1386-1395

Williams E, Zhang R, Boccippio D (1994) The microphysical growth state of ice particles and the large
scale electric structure of electrified clouds. J Geophys Res 99:10787-10792

Williams E, Rothkin K, Stevenson D, Boccippio D (2000) Global lightning variations caused by changes
in thunderstorm flash rate and by changes in the number of thunderstorms. J Appl Meteorol
39:2223-2230

Williams ER (1989) The tripole structure of thunderstorms. J Geophys Res 94:13151-13167

Wu X, Qie X, Yuan T (2013) Regional distribution and diurnal variation of deep convective systems over the
Asian monsoon region. Sci China Earth Sci 56:843-854. https://doi.org/10.1007/s11430-012-4551-8

Yadava PK, Soni M, Verma S et al (2020) The major lightning regions and associated casualties over India.
Nat Hazards 101:217-229. https://doi.org/10.1007/s11069-020-03870-8

You J, Zheng D, Zhang Y, Yao W, Meng Q (2019) Duration, spatial size and radiance of lightning flashes
over the Asia-Pacific region based on TRMMY/LIS observations. Atmos Res 223:98-113. https://doi.
org/10.1016/j.atmosres.2019.03.013

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

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable
law.

@ Springer


https://doi.org/10.3390/atmos10060298
https://doi.org/10.1029/2011RG000369
https://doi.org/10.1080/01431161.2013.794987
https://doi.org/10.1016/j.asr.2021.04.009
https://doi.org/10.1016/j.asr.2021.04.009
https://doi.org/10.1175/1520-0493(1996)124<0602:CTGLOF>2.0.CO;2
https://doi.org/10.1007/s11430-012-4551-8
https://doi.org/10.1007/s11069-020-03870-8
https://doi.org/10.1016/j.atmosres.2019.03.013
https://doi.org/10.1016/j.atmosres.2019.03.013

	Lightning activity over Telangana and Andhra Pradesh states situated in the east coast of India
	Abstract
	1 Introduction
	2 Datasets
	3 Climate of the study regions
	4 Results and discussion
	4.1 Monthly variation of flash rate density, flash count, flash days, and radiance
	4.2 Inter-annual variation and correlation of flash count with meteorological parameters

	5 Discussion
	6 Conclusions
	Acknowledgements 
	References




