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Abstract

Thunderstorm activity and lightning have been extensively studied due to their link with severe weather phenomenon. Intense
thunderstorms have higher lightning flash rates (LFR), and this study investigates the causative mechanisms of such higher
LFR over the Indian land region. Higher LFR occurs over India during pre-monsoon, monsoon and post-monsoon seasons.
The results show that flash rates over the Indian land region depend on local heating and moisture availability enhanced
by the heat content and moisture advection from the surrounding sea. The increase in the heat content of the Arabian Sea
and Bay of Bengal during the pre-monsoon, monsoon and post-monsoon periods causes deep convection over the Seas to
a higher altitude, which is then advected into the land by the winds. This increases the heat and turbulent heat flux over the
land, and hence fuelling the thunderstorms, subsequently altering the flash rate. Multiple regression and correlation analysis
show that the heat content and moisture advection from the Arabian Sea and Bay of Bengal have a major influence on the

regions with higher LFR.
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1 Introduction

Globally, lightning over the land area is higher than that over the
oceans (Williams 2005; Price 2009), with the highest percentage
found over the tropical belt, especially Southeast Asia, Africa
and South America (Turman and Edgar 1982; Price 2009; Cecil
et al. 2014). Chate et al. (2016) observed that the annual light-
ning flash counts are higher over Indian land than over Indo-
Gangetic Plain (IGP) and Indian seas. The study also suggested
that the turbulent heat flux represents the best parameter for
describing lightning activity over IGP and Indian land.
Thunderstorms are ‘convective’ in nature and these deep
moist convective storms, represent local-scale (2-20 km) cir-
culations driven under conditionally unstable environments
by conversion of potential buoyant energy to the kinetic
energy within the updraft. Surface heat flux is the key factor
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in converting convective available potential energy (CAPE)
into kinetic energy of updraft in the deep convective systems
(Yuan and Qie 2005; Sétori et al. 2009). Other than surface
heating, dynamical forcing of vertical motion stands as another
important parameter for the development of thunderstorms.
CAPE represents the total excess buoyancy indicating that an
air parcel would be much warmer than its surrounding envi-
ronment. Over regions of the updraft, CAPE also relates to
the vertical velocity of the air and hence higher values indi-
cate greater potential for severe weather. A strong correlation
of lightning activity with rainfall and CAPE is observed over
tropical centres in South Asia (Yoshida et al. 2009; Murugavel
et al. 2014; Saha et al. 2017; Tinmaker et al. 2015, 2019). Pre-
vious studies (Manohar and Kesarkar 2004; Kandalgaonkar
et al. 2005; Tyagi 2007; Tinmaker et al. 2010a, b, 2019; Penki
and Kamra 2013; Murugavel et al. 2014; Kamra and Ramesh
Kumar 2021; Unnikrishnan et al. 2021; Sarkar et al. 2022)
have reported spatial variations of thunderstorm activity over
the Indian region. The highest frequency has been observed
over Assam and Sub Himalayan West Bengal in the east and
Jammu region in the north, whereas the lowest frequency is
observed over the Ladakh region. Over peninsular India, the
highest thunderstorm activity is observed over Kerala.
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Lightning activity is predominant over the Indian region dur-
ing the pre-monsoon and the post-monsoon season which are of
utmost importance as they contribute significantly to the annual
total rainfall over the Indian region (Manohar et al. 1999). The
maximum lightning activity was reported to be occurring in
May with a diurnal maximum during afternoon/evening time
duration (Kandalgaonkar et al. 2003; Sarkar et al. 2022). Cir-
culation patterns within the planetary boundary layer also play
a role in the development of storm conditions. The evolution
of the convective system and the energy budget during its life
cycle also depends on the horizontal advection of moisture by
the large-scale circulations.

A major part of the heat stored in the ocean is released to the
atmosphere through turbulent surface heat fluxes such as latent
heat flux (LHF) and sensible heat flux (SHF) (Large and Pond
1982). LHF is the transfer of heat due to water phase changes,
such as evaporation or condensation between the surface and
atmosphere through the effects of turbulent air motion. SHF is
governed by the difference in temperature between the surface
and the overlying atmosphere, wind speed and surface roughness.
Nisha et al. (2012) have reported the variations of LHF and mois-
ture with sea surface temperature (SST) over the Indian Ocean.
Over the ocean, an increase in SST would increase convection
which in turn can cause higher lightning activity associated with
convective storms (Kandalgaonkar et al. 2002; Tinmaker et al.
2010a, b, 2014). Along with SST, the upper ocean heat content
is now considered an important parameter for the development
and intensification of convective systems like tropical cyclones
(Mainelli et al. 2008; Pun et al. 2013; Emanuel 2015; Mawren
and Reason 2017; Vidya et al. 2021).

The existing literature review suggests that no major work has
been done to study the inter-relationship of moisture advection
and ocean heat content with the surface and convective systems
like thunderstorms over the land region. Both latent and sensible
heat fluxes propagate energy through the atmosphere and are the
major source of energy in driving wind and vertical motions. It
is important to study the association of heat content and turbu-
lent heat flux of the north Indian Ocean on the meteorological
parameters over the Indian region which can reveal important
air—sea interactions. In this study, we have reported the seasonal,
monthly and interannual variations of lightning activity over the
Indian land region and analysed the role of the north Indian
Ocean on such variabilities.

2 Data and methods

2.1 Data used

Low-resolution monthly time series (LRMTS) lightning data
from January 1996 to December 2013 of 2.5°x2.5° resolutions

are used in this study. LRMTS of lightning flash rates (LFR,
counts/km?/day) involves data from both lightning imaging
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sensor (LIS) and optical transient detector (OTD) in a combined
form for each month. OTD on the MicroL.ab-1 satellite and LIS
on the Tropical Rainfall Measuring Mission (TRMM) satellite
is a part of the National Aeronautics and Space Administration’s
(NASA) Earth Observing System (EOS) (Cecil et al. 2014). LIS
detects lightning flashes with a resolution of 4 to 7 km over a
large region (600 x 600 km?) of the Earth’s surface. OTD has a
spatial resolution of 1300x 1300 km? (about 1/300 of the total
surface area of the Earth). OTD is a compact combination of
optical and electronic sensors designed for observing and meas-
uring lightning from space. The data of LFR are retrieved from
https://ghrc.nsstc.nasa.gov/lightning/data/data_lis_otd-clima
tology.html.

The monthly data for turbulent heat fluxes like LHF and
SHF, humidity, zonal and meridional components of wind
velocity, and CAPE, required for the study, from January
1996 to December 2013 are used from ECMWF Re-Analysis
5 (ERAS) and are available at https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/eraS, with a resolution
of 0.25°%0.25°. ERAS provides estimates of a large number
of atmospheric, land and oceanic climate variables, based
on 4D-Var data assimilation using Cycle 4112 of the Inte-
grated Forecasting System (IFS), which was operational at
ECMWEF in 2016 (Hersbach et al. 2020). LHF depends on
wind and humidity whereas sensible heat flux depends on
wind and temperature difference between surface and air.
Turbulent heat flux gives an account of the transfer of energy
between surface and atmosphere and is obtained by adding
the LHF and SHF. CAPE marks the conditional instability
in the atmosphere, where an ascending air parcel is warmer
than the surroundings. It is used to assess the possibilities
of the development of convection, which can lead to intense
thunderstorms with associated heavy rainfall.

The monthly mean of ocean temperature and salinity data
at a spatial resolution of 1° X 1° with 42 levels in the verti-
cal, from January 1996 to December 2013 are obtained from
ECMWEF Ocean Reanalysis System 4 (ORAS4) for comput-
ing heat content (Balmaseda et al. 2013). The data is avail-
able at http://www.ecmwf.int/products/forecasts/d/charts/
oras4/reanalysis/ from 1958 to 2017.

The ocean reanalyses are the reconstruction of the ocean
state, using ocean models forced by atmospheric forcing
fluxes and also assimilated with ocean observations, both
from in situ and satellites.

2.2 Methodology

Moisture advection is calculated using the below equation:

dq [ dq+ d +239
i " Tw M
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where, ¢ is specific humidity, #, v and w are zonal, meridi-
onal and vertical wind velocity, respectively. In this study,
only the horizontal moisture advection due to the zonal and
meridional components of wind is considered.

The heat content is calculated using the equation:

h2
HC:”‘?/ T(2)dz @
hl

where p is the density of the seawater, C, is the specific
heat capacity of the seawater at constant pressure, p; #;
and h, are the depth range where the heat content is cal-
culated, here surface to 100 m, and 7 is the seawater tem-
perature. The parameters are analysed for four seasons
namely pre-monsoon (March—May), monsoon (June—Sep-
tember), post-monsoon (October—-November) and winter
(December—February).

Multiple regression model is employed for the detailed
analyses of dependency of LFR on moisture advection and
heat content from Arabian Sea and Bay of Bengal. This
statistical technique is used for modelling and analysing
several variables by describing the relation between a
dependent variable and several independent variable.

Y is a one-dimensional array of length i containing the
dependent variable y;. X is a two-dimensional array of
size (i,n) where n is the number of independent variables:

yi = bO + blxil + b2'xi2 + b3xi3 + + bn'xin (3)

Equation (3) represents the least square regression
line for multiple regression of n independent variables
where, b is the y-intercept (constant term), x;, is the nth
independent variable and b, is the coefficient of the nth
independent variable. When all the independent variables
XipsXip v een X;, are constant the predicted value of y; is b,.
The predicted value of y; changes by b, for each one unit
increase in x;,, keeping the other variables are constant.

The standardised regression coefficients ‘b4’ are cal-
culated from the partial regression coefficient b. ‘b4’
represents the regression coefficient in units of standard
deviation and can be directly compared with each other
to determine the most effective independent variables.

by =byx 22 @)

where, j=1, 2...... n and o(X), o(Y) are the standard devia-
tion of X and Y, respectively.

3 Observations

Seasonal climatology computed from monthly data
of LFR from 1996 to 2013 over the Indian region is
shown in Fig. 1. LFR is prominent over three regions,

viz North, Northeast and South peninsular region. Dur-
ing pre-monsoon, maximum flash rate is observed over
northeast regions, and lesser intensity of lightning in the
north and southern peninsular (Fig. 1a). The average flash
rate of ~0.12 to 0.14 counts km~2 day~! over the north-
east, ~0.07 to 0.09 counts km™2 day‘1 over the north
and ~0.05 to 0.07 counts km~2 day~! over the southern
peninsular region is observed during this period. During
monsoon, the north and north east region show a signifi-
cant flash rate of ~0.1 to 0.14 counts km™> day ™! and ~0.06
counts km~2 day~! (Fig. 1b).

During post-monsoon, thunderstorm activity prevails
over these regions but is observed to be comparatively
less (Fig. 1c). LFR is observed to be negligible through-
out the Indian region during winter (Fig. 1d). The areas
with maximum LFR for further analysis are identified as
the North region (NR; 28° N-36° N; 70° E-77° E); East
region (ER; 22° N-26° N; 85° E-95° E) and South region
(SR; 8° N-15° N; 75° E-80° E), as shown in Fig. 1d. To
study the monthly variations of flash rates over the areas of
maximum LFR, monthly climatology of the LFR for ER,
SR and NR are computed (Fig. 2) using the data from 1996
to 2013. Over ER, flash rate increases and reaches a maxi-
mum during April and May, and then decreases sharply
with the onset of monsoon until July (Fig. 2, black line).
The rate of fall in flash rates is observed to be decreas-
ing during August—September, after which the fall rate
increases rapidly. A similar pattern of variation in flash
rates is observed over SR, with comparatively less ampli-
tude (Fig. 2, red line). For both regions, the maximum
flash rate is seen during the pre-monsoon period. These
higher flash rates are due to the higher local heating during
the pre-monsoon which triggers convective activity, inten-
sifying into thunderstorms (Manohar et al. 1999; Williams
and Stanfill 2002; Williams et al. 2005; Tinmaker et al.
2010b). As monsoon sets in, the thermal heating reduces
and the moisture-laden winds from the Arabian Sea tend
to cool down the convective activity over the southern
and then the eastern regions of India. During monsoon,
due to the presence of clouds with the moderate updraft,
the cloud electrification remains minimum, thus reduc-
ing the flash count over the SR region (Takahashi 1990;
Manohar et al. 1999; Kandalgaonkar et al. 2008). Over
SR, a secondary maximum is observed during the month
of September—October similar to the ER region. During
September, the cloud bases of the thunderstorms are at
lower altitudes (Manohar and Kandalgaonkar 1995). These
months mark the withdrawal phase of monsoon with less
rainfall and clouds and more solar local heating. Moreover,
with enough moisture availability to sustain the develop-
ment of thunderstorms, these months mark a higher LFR
(Tinmaker et al. 2010a, b). The high LFR during pre-mon-
soon and post-monsoon may also be due to the influence of
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Fig. 1 Climatological spatial
variations of LFR (counts
km~2 day.™") during four
seasons, a pre-monsoon, b
monsoon, ¢ post-monsoon and
d winter during 1996 to 2013.
Area of study shown in d East
22° N-26° N; 85° E-95° E
(ER), South 8° N-15° N; 75°
E-80° E (SR) and North 28°
N-36° N; 70° E-77° E (NR)
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the cyclonic activity during these seasons in the Arabian
Sea and Bay of Bengal.

Over NR, heating prevails during June—July, because
of the delay in the arrival of monsoon winds. NR region
remains comparatively dry to the coastal ER and SR regions.
Hence, flash rates show high values during June-July and
decrease thereafter (Fig. 2, blue line) with the onset of mon-
soon clouds over this region. Thus, the peak LFR shows
a shift towards June—July in NR, compared to pre-mon-
soon peaks in ER and SR regions. This shift in the LFR
peak may be due to the northward shift in deep convec-
tive activity which prevails over east coast of India during
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Fig.2 Monthly climatology of LFR over ER (black), SR (red) and
NR (blue) regions during 1996 to 2013
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pre-monsoon, to the western Himalayan foothills during
monsoon (Romatschke et al. 2010). LFR over NR shows a
rapid fall after July as the monsoon winds shadow the con-
vective activity, cooling down the temperatures.

Average flash rates throughout the year are high over
ER and NR, whereas low in SR. The two prominent peaks
observed in SR with primary maxima during April-May
is also observed in ER but with less prominent secondary
peak during September. This shows semi-annual variability
of flash rates. Only one major peak appears for NR region
with maxima during June—July demonstrating annual vari-
ability. Such annual variabilities over regions with elevated
orography and semi-annual variabilities in flash rates over
the coastal and non-elevated regions were also observed by
Kamra and Ramesh Kumar 2021.

3.1 Effect of local heating and turbulent heat flux
onLFR

It is well known that the occurrence of thunderstorms mainly
depends on local heating. Figure 3 shows the climatological
monthly mean of CAPE and turbulent heat flux for ER, SR
and NR during the period 1996 to 2013.

Over ER, CAPE variations show a pattern similar to
that of the flash rates (Fig. 2, black line) with a maximum
of ~1300 Jkg~' during April-May and a secondary peak
during September (Fig. 3a, black line). SR also shows two
peaks for CAPE, one during the pre-monsoon period and
the other during September—October (Fig. 3b, black line).
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The maximum amplitude for CAPE is observed during pre-
monsoon reaching more than 1000 Jkg_l. For NR, the curves
of CAPE show a similar pattern as that of the flash rate curve
(Fig. 2, blue line), but with a shift of one month (Fig. 3c,
black line) when compared to the other regions. LFR attains
its maximum value during June—July, whereas for CAPE, the
maxima are during July—August. Both the parameters show
only one peak for NR, unlike the other two regions. From
these figures, it is evident that the flash rates are not only
dependent on CAPE but also influenced by other parameters.

One such parameter that can affect thunderstorm formation
is the turbulent heat fluxes (Toumi and Qie 2004; Chate et al.
2016; Tinmaker et al. 2019; Sreenath et al. 2021; Gautam
et al. 2022).

Turbulent fluxes are mainly based on land surface prop-
erties. The surface latent heat flux is maximum over land
with more vegetation cover or wetlands, whereas surface
sensible heat flux shows its maximum over dry land mass.
Continental surfaces gets heated faster and are more unstable
to vertical air motions leading to deep convection, exhibiting
more sensible heat flux compared to the sea.

Figure 3 also shows the monthly mean of turbulent
heat flux (red line) throughout the year, for ER, SR and
NR. Over ER, the turbulent heat flux variations show two
peaks, the first and prominent one during April-May with
the highest value of ~110 Wm™2, and a secondary peak
at~90 Wm~2 during August—September (Fig. 3a, red
line). From May—June—July, the turbulent flux is observed
to be comparatively less, which is similar to the pattern

Fig. 3 Monthly mean of CAPE

observed in LFR over the same region. Over SR, the tur-
bulent flux shows two peaks during May and September
with a heat flux of 100—115 W m~2 (Fig. 3b, red line). The
monthly variations of turbulent heat flux show a one-to-
one similarity with the flash rate curve. Variations of heat
flux over NR are observed to be different from the other
two regions (Fig. 3c, red line) with a maximum ampli-
tude of ~100 W m~2 during June and July, and thereafter
decreasing until December. LFR variations are slightly
steeper over both sides of the maxima than that of turbu-
lent heat flux variations (Fig. 2. blue line).

The above results show that the LFR increases from
April as the convection sets in over these regions. Over
SR, as the monsoon reaches during early June, convec-
tion gets suppressed, which causes the flash rates to drop
down from June onwards. Over ER and NR, due to the
delay in the arrival of monsoon, the turbulent heat flux
and flash rates start decreasing from July onwards. Hence,
both CAPE and turbulent heat fluxes are major influences
for the development of thunderstorms in the Indian land
mass. Furthermore, we investigate the role of surrounding
seas over LFR over the Indian region in the subsequent
sections.

3.2 Role of ocean heat content and moisture
advection

Tinmaker et al. (2010a, b) have shown the importance
of the SST of the Arabian Sea and Bay of Bengal on the

(black) and turbulent heat flux (a)
(red) over a ER, b SR and ¢ NR
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development of thunderstorms over the Indian south pen-
insular region. In this section, we analyse the heat content
of the surrounding seas on the LFR over the Indian region
during the period 1996-2013. Figure 4a—d shows the sea-
sonal mean of heat content from surface to 100 m depth
over the north Indian Ocean and Fig. 4e shows the monthly
climatology of heat content in the Arabian Sea (Fig. 4e,
black line) and Bay of Bengal (Fig. 4e, red line) calculated
using data from 1996 to 2013. Heat content over the north
Indian Ocean shows maximum value during pre-monsoon
with more pronounced heat over the Arabian Sea (Fig. 4a).

The seasonal variation of heat content over the Arabian
Sea is seen to be decreasing with the onset of monsoon
(Fig. 4b) due to cooling by strong south-westerlies, which
further decreases during the post-monsoon (Fig. 4c). During
winter, the heat content is again observed to be increasing
over the Arabian Sea (Fig. 4d). The Bay of Bengal shows
maximum heat content during the pre-monsoon season. The
monthly variation of heat content shows its highest ampli-
tude of 1.232x 10" Jm~2 during May, after which it seems
to be decreasing for both the Arabian Sea (Fig. 4e, black
line) and the Bay of Bengal (Fig. 4e, red line).

This maximum heat content over the Arabian Sea and
Bay of Bengal during the pre-monsoon season is seen to be
in line with the maximum LFR, CAPE and turbulent heat
fluxes over ER and SR during the same period (Figs. 2 and
3a-b). The increase in heat content may lead to an increase
in the air—sea fluxes and moisture over the sea, which then
advects to the land region through the wind. LFR (Fig. 2,
blue line) and turbulent fluxes (Fig. 3c, red line) over NR
show maxima during June—July, whereas CAPE shows

Fig.4 Seasonal mean of heat (a)
content down to 100 m during
a pre-monsoon, b monsoon, ¢
post-monsoon, d winter and e
monthly climatology of heat
content in Arabian Sea (black
line) and Bay of Bengal (red
line) during 1996 to 2013

26°N
22°N
18°N
14N
10°N

6°N

N

maxima during July—August (Fig. 3c, black line) compared
to the heat content maxima of Arabian Sea and Bay of Ben-
gal during May (Fig. 4e). This lag in the maxima may be due
to the time taken for the influence of the heat and moisture
from the seas.

To obtain a clear picture of the role of the north Indian
Ocean on convection over the Indian region, the moisture
advection at 850 hPa has been analysed using the data from
1996 to 2013. Seasonal mean of the moisture advection and
wind vector at 850 hPa show the moisture flux propagation
due to the wind forcing (Fig. 5). During pre-monsoon, the
moisture advection of ~0.1 x 10~ gkg™! s7! is seen from
the Arabian Sea into the Indian land region. The maximum
moisture flow can be observed over the western coast, the
central and eastern sides of the Indian region (Fig. 5a). Most
prominent moisture advection is observed during monsoon,
along with the southwesterly winds over the Arabian Sea
into the Indian land mass (Fig. 5b). Maximum moisture
accumulation is seen along the coastal side of the West-
ern Ghats. Moisture advection is seen to be reduced during
post-monsoon and winter (Fig. 5c and d). During the win-
ter season, moisture advection from the Bay of Bengal is
observed along with the northeasterlies over the east coast
of peninsular India.

These results imply the importance of heat content and
moisture advection of the surrounding sea over the Indian
local convective conditions. Heat content causes an
increase in the air—sea fluxes over the sea. The moisture
over the Arabian Sea gets advected into the Indian land
region, increasing the moisture content over the boundary
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Fig.5 Seasonal mean of mois-
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ture advection with overlaid
mean wind vectors at 850 hPa
during a pre-monsoon, b mon-
soon, ¢ post-monsoon and d
winter during 1996 to 2013
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layer. These results are further analysed in detail using
regression and correlation analyses in the next sections.

3.3 Multiple regression analysis of heat content
and moisture advection with LFR

Table 1 shows the multiple regression analysis using monthly
data of heat content and moisture advection at 850 hPa over
the Arabian Sea and Bay of Bengal as independent param-
eters and LFR over ER, SR and NR as dependent parameters

i e L T B
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from 1996 to 2013. Regression coefficients ‘b’ indicates
the extent of variability of the dependent variable with an
independent variable when all the other independent vari-
ables are held constant. From Table 1, we can observe that
for a unit change in heat content over the Arabian Sea and
Bay of Bengal, LFR over ER change by 1.186x 107!% and
5.199 x 10~ ! units, respectively. This shows a greater influ-
ence of Arabian Sea heat content over flash rates of the
region compared to that of the Bay of Bengal. Similarly, for
a unit change in moisture advection over the Arabian Sea

Table 1 Multiple regression
analysis of heat content and

Heat content

Heat content (Bay Moisture advection Moisture advec-

. . . (Arabian Sea) of Bengal) (Arabian Sea) tion (Bay of
moisture advection of Argblan Bengal)
Sea and Bay of Bengal with ER,

SR and NR LFR ER LFR b 1.186x 10710 5.199% 107 4923 1774.4

b-std 0.788 0.276 0.111 0.184
t-value 18.57 5.75 2.05 321
p <0.0001 <0.0001 0.04 0.001

SR LFR b 3.941x 107! 2.067x 107! 458.1 157.1
b-std 0.705 0.296 0.277 0.044
t-value 14.53 5.38 4.48 0.67
p <0.0001 <0.0001 <0.0001 0.5

NR LFR b 6.175%x 107! 2.507x 107! —1551.8 —2740.6
b-std 0.397 0.129 —-0.337 —0.275
t-value 10.63 3.05 —-7.09 —5.45
p <0.0001 0.003 <0.0001 <0.0001
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and Bay of Bengal, the flash rate over ER changes by 492.3
and 1774.4 units, respectively. This shows a greater influ-
ence of moisture advection from the Bay of Bengal on the
flash rate of the ER region compared to that of the Arabian
Sea. The standardised regression coefficients ‘b-std’ dem-
onstrates which of the independent variables has a greater
effect on the dependent variable. The heat content over the
Arabian Sea (0.788) has more weightage compared to that of
the Bay of Bengal (0.276), whereas the moisture advection
from the Bay of Bengal (0.184) is seen to be more influential
than that of the Arabian Sea (0.111) in this region (Table 1).
All the values obtained are significant with p <0.05 (95%
confidence level).

LFR over SR change by 3.941 x 10~"'and 2.067 x 107!
units for a unit change in heat content over the Arabian Sea
and Bay of Bengal, respectively (Table 1). This shows a
greater influence of Arabian Sea heat content over the LFR
of the SR region compared to that of the Bay of Bengal.
Similarly, for a unit change in moisture advection over
the Arabian Sea and Bay of Bengal, the flash rate over SR
changes by 458.1 and 157.1 units, respectively (Table 1).
This shows a greater influence of moisture advection from
the Arabian Sea on the LFR of the SR region compared
to that of the Bay of Bengal. The standardised regression
coefficients prove that the heat content and moisture advec-
tion over the Arabian Sea (0.705; 0.277) is having more
weightage compared to that of the Bay of Bengal (0.296;
0.044) in this region (Table 1). The ‘t statistics’ also con-
firms the above result. All the values obtained are significant
with p <0.05 (95% confidence level) except for the Bay of
Bengal moisture advection with p=0.5. The results show
the impact of the fluxes through advection and low pres-
sure systems from the surrounding seas, on the lightning
parameter of the South India. This indicates the role of tropi-
cal and near-equatorial lower tropospheric weather systems
(Unnikrishnan et al. 2021).

Over the NR region, LFR change by 6.175x 10~'! and
2.507 x 10~"! units for a unit change in heat content over the
Arabian Sea and Bay of Bengal, respectively (Table 1). For
a unit change in moisture advection over the Arabian Sea
and Bay of Bengal, flash rate over NR changed by — 1551.8
and —2740.6 units, respectively. The standardised regression
coefficients prove that the heat content over the Arabian Sea
(0.397) is having more weightage compared to that of the
Bay of Bengal (0.129) in this region (Table 1). The negative
sign shows the effect of the cool moisture-laden monsoon
current through the Himalayan foothills and plains of cen-
tral India winds reducing the thermal heating and hence the
lightning activity after July over the region.

The standard coefficients are less compared to the other
regions from which it is evident that the heat content and
moisture advection from the north Indian Ocean has less
influence on the LFR over the NR region compared to the
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ER and SR region. NR region is characterised by dry sur-
roundings with elevated orographic features. The thunder-
clouds over this region are developed under conditions with
high surface temperatures and less relative humidity. Such
continental areas are characterised by high Bowen ratio and
less relative humidity with systematically higher cloud base
(Williams and Stanfill 2002). The LFR decreases after the
monsoon sets in as the cool moisture-laden winds from Bay
of Bengal reaches the NR region, reducing the thermal heat-
ing over there (Kodama et al. 2005). The ‘t statistics’ also
confirm the above results. All values obtained are significant
with p <0.05 (95% confidence level).

Hence, the results show that the Arabian sea heat content
has more influence on the variability of LFR over ER and
SR regions. The moisture advection from the Arabian Sea
impacts the LFR over SR, whereas it is from the Bay of
Bengal over ER region. LFR over the NR region shows less
dependency on the heat content and moisture advection from
the north Indian Ocean compared to ER and SR.

3.4 Interannual variability of LFR and heat content

Furthermore, interannual variability of LFR and its relation
with heat content in the Arabian Sea and Bay of Bengal during
1996 to 2013 is assessed in this section. Figure 6 depicts the
monthly time series of LFR anomaly over ER (Fig. 6a), SR
(Fig. 6b) and NR (Fig. 6¢) regions from 1996 to 2013. LFR
shows an increasing trend throughout the period of study for
ER (slope=5.50x 107>, p<0.001), SR (slope=3.51x107>,
p<0.001) and NR (slope=8.58 X 1073, p<0.001). The values
are significant above 95% confidence level. The interannual
variability is more for ER and NR compared to that for SR,
and hence the rate of increase of LFR is more for ER and NR.

Global and regional heat content changes serve as a robust
indicator of climate change. Increased heat content increases
the lifetime and intensity of the storm which in turn can lead to
increased rainfall. This heat is then redistributed in the different
ocean basins (Wang et al. 2018). Intergovernmental Panel on
Climate Change (IPCC) report in 2013 predicted an increase in
SST (Trenberth 2007) and heat content, increasing the evapora-
tion over oceans (Trenberth et al. 2007) and providing thermal
energy to the monsoon system (Sharma and Ali 2014). Thus,
we have attempted to investigate the influence of heat content of
the north Indian Ocean on the thunderstorm activity of the land
region surrounded by the ocean. The interannual variability of
heat content over the Arabian Sea and Bay of Bengal is shown in
Fig. 7. Significant increasing trends are observed for heat content
in the Arabian Sea (slope=6.56x 10°, p <0.0001; Fig. 7, black
line) and Bay of Bengal (slope=9.13x 10°, p<0.0001; Fig. 7,
red line) from 1996 to 2013, though the Bay of Bengal shows
slightly higher rate of increase compared to the Arabian Sea. An
opposite pattern in the heat content curve is also observed for the
Arabian Sea and Bay of Bengal until 2008. Thus, this increasing
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Fig.6 Time series of monthly
LFR anomaly (black line) with
its trend line (red line) and slope
for a ER, b SR and ¢ NR from
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heat content increases the heat fluxes over the sea, which gets
carried into the land region, enhancing the moisture fluxes over
the land. The impact of this increasing heat content on the LFR
over the land region can be assessed using correlation analysis
between the parameters.

To analyse the one-to-one relation, the temporal cor-
relation between these parameters is computed and the
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and Arabian Sea heat content are strongly related during
the period of study. In addition, the heat content over the
Arabian Sea also shows a significant positive correlation
(r=0.78; p<0.0001) with CAPE over the ER region. Bay
of Bengal heat content, however, shows a reduced but sig-
nificant positive correlation with LFR (r=0.41; p <0.0001
and CAPE (r=0.50; p <0.0001) of ER region. These results
show that an increase in the heat content of the Arabian Sea
and Bay of Bengal play an important role in the development
of thunderstorms over ER region, thus increasing the LFR.

Figure 9 shows the correlation analysis of Arabian Sea heat
content with LFR (Fig. 9a) and CAPE (Fig. 9c), Bay of Ben-
gal heat content with LFR (Fig. 9b) and CAPE (Fig. 9d) of the
SR region. SR region shows a significant positive correlation
(r=0.69; p<0.0001) with Arabian Sea heat content implying a
strong relation between the parameters. Moreover, the heat con-
tent over the Arabian Sea also shows a significant positive corre-
lation (r=0.72; p <0.0001) with CAPE over the SR region. Bay
of Bengal heat content shows a significant positive correlation
with LFR (r=0.42; p<0.0001 and CAPE (r=0.43; p<0.0001)
of SR region. These results show the prominent influence of heat
content in the Arabian Sea on the LFR over SR, though heat
content in the Bay of Bengal also shows positive correlations
with the LFR. This may also be due to the occurrence of more
cyclonic activity in the Arabian Sea and Bay of Bengal, which
are triggered by the increasing heat content. Upper ocean heat
content is now considered an important parameter for the devel-
opment and intensification of tropical cyclones (Mainelli et al.
2008; Pun et al. 2013; Trenberth et al. 2018) which are identified

Fig.8 Temporal correlations
between a Arabian Sea heat
content vs. ER LFR, b Bay
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as the driving factors for the formation of thunderstorms and
lightning activity over the coastal and adjoining regions (Tin-
maker et al. 2010a, b).

Significant positive correlations are observed between LFR
over NR region and heat content of Arabian Sea (r=0.65;
Fig. 10a) and Bay of Bengal (r=0.51; Fig. 10b). However, the
heat content shows less correlation with CAPE of the NR region
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of Bengal parameters on the development of thunderstorms over
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the CAPE (Penki and Kamra 2013). Pre-monsoon CAPE
shows the highest value over ER (~ 1400 Jkg~"). This favours
the outbreak of thunderstorm over the region. The forma-
tion of greater number of low pressure systems over Arabian
Sea and Bay of Bengal during the pre-monsoon period and
withdrawal phase of monsoon, enhances the thunderstorms
over the coastal regions like ER and SR. This explains the
two peaks observed in LFR over these regions. LFR over NR
shows a single maxima during June—July with rapid decrease
after August. The semi-permanent heat low during May—June
aids for the development of thunderstorms over the region.
The orographic features with elevated terrains and high sur-
face temperatures enhances the updraft, which justifies the
increased LFR during monsoon period over NR. Regions with
high altitudes and steep orographic gradient favours the for-
mation of deep convective systems, and hence the high flash
rates observed (Goswami et al. 2010; Kamra and Nair 2015).
The thunderclouds over NR develop in an environment with
low relative humidity, and hence are dry with low moisture
content. The rainfall from these clouds gets evaporated before
reaching ground because of the high cloud base and less mois-
ture (Penki and Kamra 2013). After the arrival of monsoon,
cool moisture-laden winds suppress convection with moderate
updraft, thereby decreasing the LFR. The delay in arrival of
monsoon winds over NR, causes the turbulent fluxes and LFR
to reach its peak until July. The monthly flash rates showing
annual variability for high elevated regions and semi-annual
variability in all other non-elevated regions are in line with
the results obtained by Kamra and Ramesh Kumar (2021).

The heat and moisture transport from Arabian Sea on the
west and Bay of Bengal on the east of Indian peninsular region,
gets convected into the land region, therefore increasing the
air—sea fluxes, which in turn contributes to the LFR over land
region. The tropical and near equatorial lower tropospheric
weather systems contribute for the lighting activity over the
land region (Unnikrishnan et al. 2021). Tinmaker et al. (2010a,
b) have showed the crucial role of SST of the Arabian Sea and
Bay of Bengal in the development of thunderstorms and light-
ning over the adjoining peninsular region of India. Our results
show that the Arabian sea heat content has a major impact on
the variability of LFR over ER and SR regions. LFR over SR
are influenced by the moisture advection from the Arabian Sea,
whereas over the ER region, LFR variability depends more on
the moisture advection from the Bay of Bengal. Moisture advec-
tion from the north Indian Ocean have less influence on the LFR
over the NR as compared to ER and SR regions. This explains
the dry and less moisture-laden clouds with high cloud base
over NR region.

High interannual variability and a significant increasing
trend is observed in LFR from 1996 to 2013 over NR and ER
region. The trend and interannual variability of heat content
in Arabian Sea and Bay of Bengal also shows a significant
increase throughout the period of study. The influence of
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warm temperature anomalies at shorter timescales over the
Indian Ocean are observed on regional and global climate
(Murtugudde, R., Annamalai 2004; Schott et al. 2009; Han
et al. 2014). The intensification of Indian Ocean tropical
cyclones was also linked to increasing Indian Ocean SST
(Rao et al. 2008; Krishna 2009; Evan et al. 2011; Wang
et al. 2012) and heat content (Vidya et al. 2021), which in
turn cause an increase in the thunderstorm conditions over
coastal land mass.

5 Conclusion

LFR over the Indian land region is analysed over different time
scales and areas of higher lightning activity are identified as ER,
SR and NR regions during 1996 to 2013. The causative mecha-
nisms for such higher LFR over these regions are also investi-
gated. ER and SR show semi-annual variability, whereas NR
shows annual variability in LFR. Other than the influence of
local heating, CAPE and turbulent heat fluxes, the present study
brings out the significance of heat content and moisture advection
from the surrounding seas on the formation of thunderstorms. An
increase in the heat content of the Arabian Sea and Bay of Bengal
causes enhanced moisture over the sea which gets advected to the
Indian land region through the winds during the pre-monsoon
and monsoon period, thereby increasing the moisture content
over the land. This increase in moisture creates variations in tur-
bulent heat fluxes over the land region, thereby increasing the
intensity of thunderstorms and hence the flash rate.

The interannual variability and trend analysis of heat
content shows a significant increase of heat content in
Arabian Sea and Bay of Bengal. This increasing trend is
also observed on LFR over ER SR and NR, with ER and
NR showing the highest rate of increase. The effect of
increasing heat content can be seen on global as well as
regional climate variabilities. The multiple regression and
correlation analyses show significant effect of heat content
from the Arabian Sea and Bay of Bengal on all the major
regions of high LFR. The analyses also show major impact
of the moisture advection from the Arabian Sea on LFR
over SR, whereas moisture advection from the Bay of Ben-
gal have greater influence on the LFR over ER region. LFR
of NR region showed less influence of the moisture advec-
tion from the seas. The thunderstorms over this region are
developed under dry conditions with less rainfall.

The crucial outcome of this study is showing the impor-
tance of the surrounding ocean fluxes even on the mes-
oscale weather phenomenon over the land. This connection
between moisture from the sea and turbulent heat flux over
the land provides an insight into the coupling between
ocean and atmosphere. This analysis can help provide use-
ful information for future studies related to high thunder-
storm activity. Our study is an effort in illustrating the role
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of heat content on the LFR over the land region. Coupled
model experiments will be needed to explore in-depth the
role of the north Indian Ocean variability on the thunder-
storm activity over the land.
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