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Lightning activities are distributed asymmetrically over the globe. Satellite images show that the Himalayan
region is one of the prone zones of lightning activity. We do not understand such an uneven distribution of
lightning activities as of today. To elaborate on the present-day understanding of lightning flashes over the
Himalayan region, we have analyzed various atmospheric factors in association with Lightning Flash Density
(LFD). For this purpose, we divided the Himalayan Range into three sections, namely, eastern, middle, and the
western Himalayas. We explored the possible association of monthly mean Convective Available Potential En-
ergy (CAPE), Surface Air Temperature (SAT), thermodynamic temperature of the top of the cloud; Cloud Top
Temperature (CTT), Relative Humidity (RH), and Specific Humidity (SH) with LFD over the three sections of the
Himalayan range. We observed that CAPE and SAT play a vital role in creating instability over that region. In
contrast, moderate moisture (i.e., RH) is the most suitable condition for lightning activities over all three sec-
tions. The analysis shows that 50-60% RH at 700hpa is the most favorable condition for lightning over the

Himalayan region.

1. Introduction

Satellite images of lightning activities show that the Himalayan re-
gion is one of the world’s lightning prone areas (https://ghrc.nsstc.nasa.
gov/lightning/data/data_lis_trmm.html). Due to the topology, varied
surface temperature, moisture, and atmospheric circulation, lightning
flash density (LFD) over this region have a tremendous spatiotemporal
variability. From the pre-South-East monsoon study during 2012 over
Nepal, we observe the peak in the lightning flash count (LFC) to be
maximum in June (Makela et al., 2014). The variation of lightning ac-
tivity over the Northeastern part of the Himalayan region is semiannual
with primary maxima during April. But the similar maxima occurs
during July in the North-West region (Penki and Kamra, 2013). The
fundamental reason behind this variation of lightning activity was an
unanswered question. In this paper, we analyzed the role of moisture (in
terms of relative humidity) and other meteorological parameters on
lightning activity and also explained the significant influence of RH over

the lightning generation process.

The scientific community has proposed several theories of the cloud
electrification mechanism and separation of charges within the clouds.
However, the most significant cloud electrification approach is the
graupel-ice mechanism. Collisions produce electric charges between
precipitation particles (graupel) and cloud particles or small ice crystals
(Rakov and Uman, 2003; Hobbs and Burrows, 1966; Takahashi, 1978;
Saunders and Peck, 1998). The action of gravity is mainly responsible
for separating the charged particles (Rakov and Uman, 2003). The sig-
nificant impact of CAPE on LFD recently been observed by Qie et al.
(2020). The decrease of the CAPE could exert the most considerable
effect on decreasing the LFD trend on Southern North America (SENA),
Central South America (CSA)Y_and Eastern Australia (EA) (Qie et al.,
2020). Dewan et al. (201erved the influence of CAPE impact the
lightning activity positively. It is a well established fact that Convective
Available Potential Energy, creates instability in the atmosphere, causes
updrafts and supports electrification and charge separation within the

* Corresponding author. Department of Physics, Tripura University, Tripura, 799022, India.

E-mail address: anirban1001@yahoo.com (A. Guha).

https://doi.org/10.1016/j.jastp.2020.105527

Received 12 April 2020; Received in revised form 14 December 2020; Accepted 17 December 2020


https://ghrc.nsstc.nasa.gov/lightning/data/data_lis_trmm.html
https://ghrc.nsstc.nasa.gov/lightning/data/data_lis_trmm.html
mailto:anirban1001@yahoo.com
www.sciencedirect.com/science/journal/13646826
https://www.elsevier.com/locate/jastp
https://doi.org/10.1016/j.jastp.2020.105527
https://doi.org/10.1016/j.jastp.2020.105527
Shriram
Sticky Note

 Dewan et al. (2018) observed the influence of CAPE on the lightning activity positively. 
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Fig. 1. a: Topography map of the Himalayas and its surrounding regions. b: Density plot of lightning activity over the Himalayan region from 1998 to 2013. The
Eastern Himalayas, Middle Himalayas and Western Himalayas are represented by the rectangles. The numbers in the top right corner represents the months (1-
January, 2-February etc.). c: The time-averaged map of Normalized Difference Vegetation Index (NDVI) from 2000 to 2013. d: Time averaged map of precipitation

from 1998 to 2013.

clouds. A good relationships with total lightning activity (r = 0.93) was
observed if updraft volume in the charging zone (at temperatures colder
than —5°C) with vertical velocities greater than either 5 or 10 m/s
(Deierling and Petersen,2008). High lightning activity is related to
CAPE’s high value over Greece (Mazarakis et al., 2008). A high corre-
lation of lightning flashes and CAPE over Maharashtra, India has been
observed by Tinmaker et al. (2015); whereas, the relationship between
LFC and CAPE has not been observed consistent in different regions of
India (Siingh et al., 2014). Zheng et al. (2016) studied the sensitivity of
lightning with CAPE and showed that lightning is more sensitive to
CAPE over land than offshore water. A good correlation coefficient be-
tween LFC with CAPE and surface temperature over Northeast India was
observed by Guha et al. ( 2017).

Pinto and Pinto (2008) studied the sensitivity of lightning
cloud-to-ground (CG) activity with the surface air temperature daily,
monthly, yearly, and decadal time scale. Pinto and Pinto (2008) found a
sensitivity of 40% per 1°C at daily and monthly timescales and 30%
sensitivity per 1°C at decadal timescales. The lightning sensitivity of the
order of 10% per 1°C has been observed by Williams (1994) that further

supports the positive correlation between lightning activity and surface
temperature for the annual and semiannual timescale. Ming et al. (2005)
and Saha et al. (2019) derived the positive response of the surface air
temperature (SAT) on the lightning flash rate for inter-annual and sea-
sonal timelines. In the monthly time scale, from May to September via
pre-monsoon cooling of 1°C in maximum SAT reduces approximately
3.5 thunderstorms per station and 73 flashes (Nath et al., 2009). The
correlation between change in global monthly land wet-bulb tempera-
ture with lightning activity is strongest over the northern hemisphere
and weak in the southern hemisphere (Reeve and Toumi, 1999). A 1°c
rise in temperature increases 20-44% lightning flash density over the
land mass Indian region (Kandalgaonkar et al., 2005).

For years, the effect of relative humidity (RH) on lightning became
one of the burning issues in atmospheric electricity research. Ya-Jun
et al. (2006) have observed that higher RH results in more lightning
activity in dry regions, whereas less lightning activity in wet areas.
Reeve and Toumi (1999) indicate the necessity of a high land-area to
sea-area ratio for a good correlation between lightning activity and land
wet-bulb temperature. But the complete understanding of the effect of
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Fig. 1. (continued).

RH on lightning is still lacking. The role of cloud base height and asso-
ciated cloud top temperature on the lightning flash is critical in this
regard. Molinie and Jacobson (2004) show an increase of lightning flash
density with a decrease in cloud top brightness temperature (CTBT); the
temperature of a black body that would emit the same amount of radi-
ation as the targeted body in a specified spectral band when CTBT is less
than —55°C. An intense condensation process and mass flux during the
system’s growth phase can provide favorable cloud electrification con-
ditions and lightning (Mattos and Machado, 2011).

In the present research, we have analyzed the role of CAPE, SAT, RH,
CTT, and precipitation on lightning activity in different parts of the
Himalayas. We selected the regions of investigation as the Eastern
Himalayas (24°N-28°N, 88°E-96°E), the middle Himalayas
(27°N—330N, 780E-88°E), and the Western Himalayas (SOON—36ON, 68°
E—78%E). We describe the study region and its topology in Fig. 1a. The
lightning density map, NDVI index map, and precipitation map are
illustrated in Fig. 1b, 1c, and 1d, respectively. The middle Himalayas
contains high hills and mountains followed by Western Himalayas, and
the Eastern Himalayas has the least elevation.

2. Data
We used Tropical Rainfall Measuring Mission (TRMM) Lightning

Imaging Sensor (LIS) observation 0.1° very high-resolution gridded
lightning monthly climatology (VHRMC) data to compute the seasonal

variation of lightning density over the Himalayan region. LIS is a space-
based instrument onboard the Tropical Rainfall Measurement Mission
(TRMM) satellite to observe the distribution and variability of total
lightning (cloud-to-cloud, intra-cloud, and cloud-to-ground lightning)
within the tropical belt of the Earth. It can detect lightning flashes with
93+4% efficiency during nighttime and 73+11% efficiency during
daytime (Boccippio et al., 2002). It locates lightning flashes with 4-7 km
spatial resolution and temporal resolution of 2 ms, over a vast region of
Earth surface along the orbital track of the satellite (Siingh et al., 2014).
Orbital track lightning flashes are used to find the effect of other
meteorological parameters like CAPE (NCEP/NCAR reanalysis of size
grid 180 x 91 x 1704, dimension lon, lat, time), SAT (Meera 2 model
with monthly temporal resolution and 0.5 x 0.625° spatial resolution),
RH at 700 hPa and SH at 950 hPa (Meera model with monthly temporal
resolution and 1.25° spatial resolution), CTT (Meera model with
monthly temporal resolution and 0.5 x 0.667° spatial resolution),
Aerosol Optical Thickness 550 nm (AOT) (Meera 2 model with monthly
temporal resolution and 0.5 x 0.625° spatial resolution). Also, monthly
values of 2.5-degree latitude x 2.5-degree longitude of global grid (144
x 72) CPC merged analysis of precipitation (CMAP), monthly mean
2.5-degree latitude x 2.5-degree longitude of global grid (144 x 73)
NCEP/NCAR reanalysis wind speed are used for the study. The topology
data used here is from ETOPO1 datasets, which has the resolution of 1
arc-minute (around 1.7 km) globally and represents the Earth’s topog-
raphy and ocean bathymetry. This is the initiative of NOAA-NCEIL



N.P. Damase et al.

Time Averaged Map of NDVI monthly 0.05 deg. [MODIS-Terra MOD13C2 v006] NDVI
over 2000-Feb - 2013-Dec, Region 66E, 22N, 98E, 38N

90

¢

Time Averaged Map of Precipitation Rate monthly 0.25 deg. [TRMM TRMM_3B43 v7] mm/hr
over 1998-Jan - 2013-Dec, Region 66E, 22N, 98E, 38N

d

Fig. 1. (continued).

(National Centers for Environmental Information) data center; they 3. Methodology
collected global and regional datasets together to build the ETOPO1
database. In the present study for the comparative analysis, lightning flashes

detected by LIS are used. To find the influence of others meteorological
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Fig. 2. a: Seasonal variation of monthly mean lightning flash density (LFD) over the Eastern, Middle and Western Himalayas from 1998 to 2013. b: Seasonal

variation of monthly precipitation over Eastern, Middle and Western Himalayas.
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Fig. 3. Average monthly variation of Surface Air Temperature (SAT) in the
Eastern, Middle and Western Himalayas from 1998 to 2012.
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Fig. 4. Average monthly variation of Convective Available Potential Energy
(CAPE) in the Eastern, Middle and Western Himalayas from 1998 to 2012.
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Fig. 5. Average monthly variation of Specific Humidity (SH) at 950 hPa in the
Eastern, Middle and Western Himalayas from 1998 to 2012.
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Fig. 6. Average monthly variation of Relative Humidity (RH) in the Eastern,
Middle and Western Himalayas from 1998 to 2012.



N.P. Damase et al.

! ) !
Eastern Himalayas

' e e

80 90 100

110

Middle Himalayas J

-

-
.
-
.

70 80 90 100 110

Average lightning flash count

0 10 20 30 40

50 60 70 80 90

T T T T ]
Western Himalayas

alalaly

T T T T
100 110

Monthly mean relative humidity (%)

Fig. 7. Frequency distribution of LFC with respect to the RH (at 700 hpa) in the Eastern, Middle and Western Himalayas from 1998 to 2012.
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Fig. 8. Average monthly variation of Aerosol Optical Thickness (AOT) at 550
nm in the Eastern, Middle and Western Himalayas from 1998 to 2012.

parameters on LFD orbital track flashes are used. The analysis is per-
formed in two steps. Monthly variation of all meteorological parameters
over selected region is plotted and the correlation of meteorological
parameters on LFD is calculated through scatter plot. The role of mois-
ture on the inconsistent dependency of LFD on meteorological param-
eters (especially on CAPE and SAT) over the Himalayas is examined.
Finally, range of the most favorable RH for the Himalayas lightning
activity is estimate ever, spatial resolution is not constant for all
meteorological para s, the entire Himalayas region’s spatial extent
is concerned.

4. Results

We introduce a comparative analysis of LFD over the three

Himalayan regions in Fig. 2a. In the Eastern Himalayas, the variation of
LFD is a semiannual character. The maximum LFD occurs during the pre-
monsoon, followed by the second enhancing tendency during the post-
monsoon. The primary maxima of LFD during pre-monsoon occur in
April. During the post-monsoon, a secondary peak in LFD appears in
September.

Over the middle Himalayas, a single peak annual distribution is
observed. A progressive decrement follows a gradual increment of LFD
from January to May up to December. Higher LFD is found from April to
June with maxima during May, followed by the second and third highest
LFD during June and April.

Over the western parts of the Himalayas, a single peak annual dis-
tribution is observed. The variation of LFD over the Western Himalayas
shows a different pattern than the Eastern and the Middle Himalayas.
The LFD over the Western Himalayas is associated with the southwest
monsoon from June to September (Jeelani et al., 2017). LFD increases
from January and becomes maximum during July and decreases after-
ward. Instead of a distinct peak of LFD in July, we observe marginally
similar higher LFD over Western Himalayas during August and June.

The seasonal variation of monthly precipitation over the Eastern,
Middle, and Western Himalayas is shown in Fig. 2b. The precipitation
pattern over the three regions is similar and shows prime maxima during
July. Over the Eastern Himalayas, significant precipitation is observed
from April to October. But, over the middle and western Himalayas,
considerable rainfall is observed from June to September. Compared to
the western Himalayas, relatively less precipitation is observed over the
middle and western Himalayas all over the year.

To understand the role of associated meteorological parameters that
drive the LFD variations over the three Himalayan regions, we have
performed further analyses of a few essential parameters. We show the
monthly change of SAT and CAPE in Fig. 3 and Fig. 4. Fig. 3 illustrated a
similar trend over all the three Himalayan regions with higher values
during June and July. The Eastern Himalayan region has a relatively
higher SAT, followed by the Western Himalayas, and the least SAT is
observed over the Middle Himalayas. The SAT analysis further reveals
that the dynamic range of average SAT over the Eastern Himalayas is
significantly less; the difference between winter and Summer SAT is only
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Fig. 9. Scatter plot of the monthly lightning flash density (LFD) with different meteorological parameters (CTT, CAPE, and SAT) for the Eastern and Western
Himalayas. Values of correlation coefficients and the significance levels of the parameters are also shown in each plot.

around 10 K, whereas, for Middle and Western Himalayas, the difference
is approximately 20 K. That explains the average SAT variability is
comparatively higher over Middle and Western Himalayas than the
Himalayas’ Eastern part. It is also noticeable that an LFD over Eastern
and Middle Himalayas is not associated with the highest SAT. Still, the
LFD over Western Himalayas is related to the peak value of the SAT. But
itis clear from Fig. 3 that the average SAT during April and May over the
Eastern Himalayan region is very close to the peak SAT during June and
July.

The difference is much perceptible for the other two Himalayan
areas. The CAPE analysis in Fig. 4 shows the area-averaged monthly
mean CAPE over Eastern Himalayas is predominately higher (11.4 J/kg
to 731.8 J/kg) than the Middle Himalayas (13.2 J/kg to 320.9 J/kg) and
western Himalayas (9.7 J/kg to 189.2 J/kg). The peak over the Eastern
Himalayas occurs during May, whereas we observe a peak CAPE over
the Middle and Western Himalayas during August and July. But the
variation indicates a notion of predominantly higher CAPE during April
and May, which is associated with the higher LFD over the Eastern
Himalayas. The lower CAPE during March and the higher LFD over
Eastern the Himalayas may be explained based on the other analysis of
other meteorological parameters. But the variation of average CAPE
supports the higher LFD during April and May over the Eastern Hima-
layas. We note the most convincing agreement between CAPE and LFD
over the Western Himalayas. Peak LFD associated month coincides with
the highest CAPE associated month as well. The higher LFD over the
Middle Himalayan region during pre-monsoon is challenging to explain
concerning the SAT and CAPE only. In addition to SAT and CAPE, other
meteorological parameters might play a role in the generation of
lightning.

The amount of atmospheric moisture, i.e., the amount of water vapor

in the atmosphere, is measured in specific humidity (SH) and analyzed
in Fig. 5 over the study region for the entire period. Among all the three
Himalayan regions, the Eastern Himalayan region is more humid, fol-
lowed by the Middle and Western Himalayas. The maximum SH over all
the three Himalayan areas occurs during July-August only. This is
associated with the Asian summer monsoon, which occurs first over the
southeastern Bay of Bengal and southeastern Indochina peninsula in
early May and covers the entire Southeast by the end of May (Zhang
et al., 2004). In Nepal, 80% of the annual precipitation falls between
June and September (Nayava, 1974). But a part of the monsoonal flow
through the Bay of Bengal enters the North-Eastern part of India first.
After obstructing the Eastern part of the Himalayas, the circulation turns
toward the Middle Himalayas and goes further towards the Western
Himalayan region. Therefore, the peak SH over the Eastern Himalayas
during July, the same scale for the remaining two Himalayan areas,
occurs during August. The presence of abundant moisture may reduce
the SAT and CAPE’s influence on the electrification that might further
reduce the lightning activity. Therefore, to determine the quantitative
measurement of the effective range of water vapor contributing to the
maximum lightning activity, we have performed further analysis on the
average relative humidity (RH) frequency distribution variation corre-
sponding to the higher LFD. We show the results in Fig. 6 and Fig. 7.

Fig. 6 illustrates the atmospheric moisture content at 700 hPa con-
cerning its saturation level and dew point relative to relative humidity.
The pattern of RH variation at 700 hPa is similar to SH at 950 hPa. The
peak RH is associated with the Monsoonal circulation. Due to the large
water body SH, the RH is also highest over the Eastern Himalayas, fol-
lowed by the Middle and Western Himalayas. This relation is not
observed during January, February, and December due to less temper-
ature over the Middle and Western Himalayas.
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Fig. 10. Scattered plot of the monthly lightning flash density (LFD) with different meteorological parameters (CTT, CAPE, and SAT) for the Middle Himalayas. Values
of correlation coefficients and the significance levels of the parameters are also shown in each plot.

The atmospheric water vapor availability is comparatively less over
the Western Himalayas than the other two regions of interest. A higher
average SAT with less moisture decreases the RH by increasing the water
vapor’s associated saturation level. As a result, due to the high satura-
tion value and low moisture content, the RH over the Western Himala-
yan region is comparatively less than the remaining two areas of the
Himalayas. The atmospheric water vapor increases the RH over the
Eastern and the Middle Himalayas to 80% during monsoonal months.
We show the distribution of LFD for the RH over all the three Himalayan
areas in Fig. 7.

We computed the average LFD at different RH range, i.e., 0%-10%,
10%-20% etc. Overall, the most interesting observation is that the three
Himalayan regions, the maximum LFD, are associated with the 50-60%
RH at 700 hPa pressure level. We note that the lightning is well
distributed over all the Eastern and Middle Himalayan regions over all
the RH ranges with a peak around 50-60% RH range. But the distribu-
tion of lightning over the Western Himalayas is one-sided, and starting
from 20% goes up to 60%. The bottom section of Fig. 7 shows an LFD
above the RH value of 60% over the western Himalayan region. The
value of RH over the western Himalayan region does not rise above 60%.
It indicates less moisture content over the Western Himalaya that re-
stricts RH value to lie within 60% even during the Monsoon season.

We investigated whether the atmospheric aerosol particle plays any
crucial role in the lightning climatology over different Himalayan
regions. In this respect, we have analyzed the monthly average Aerosol
Optical Thickness (AOT) for all three Himalayan areas. We show the
result in Fig. 8. The concentration of aerosol particles in the Himalayan
region is higher in the winter seasons. We observe the next highest AOT
during the pre-monsoon season over the Eastern and the Middle
Himalayas. In contrast, monsoon and post-monsoon being the second-

highest AOT associated season for the Western Himalayas.
Interestingly that season is also associated with the highest LFD over the
Eastern Middle and Western Himalayan region. One question may arise
why peak AOT month is not associated with the peak LFD associated
month. In this respect, we note that the monthly analysis of the
Himalayas may not associate with the lightning activity. It is since the
pre-monsoon and monsoonal precipitation may reduce the AOT.

In the analysis, zero-flashes are also considered. Dispersion in the
meteorological variables for zero and close to zero flashes has been
observed. We did not find the cut-off value of any meteorological
variable for lightning activity. It is because lightning activity can be
affected by many meteorological variables at a time. To understand the
dependency of the LFD on the various meteorological parameters, we
prepared a scatter plot between those parameters and LFD. We also
computed the Pearson’s correlation coefficient. We show the results in
Figs. 9 and 10. SAT is well correlated (R = 0.78, P < 0.0001) with LFD in
the Western Himalayas, moderately correlated (R = 0.57, P < 0.0001) in
the Middle Himalayas, and poorly (R = 0.36, p < 0.0001) in the Eastern
Himalayas. The correlation coefficient between CAPE and LFD is higher
over the Western Himalayas (R = 0.70, P < 0.0001) than that of Eastern
Himalayas (R = 0.57, P < 0.0001), whereas it is reduced (R =0.17,P =
0.02448) in the Middle Himalayas. As seen from Figs. 9 and 10, the
correlation between the CTT and LFD over the eastern region is negative
(R =-0.38, P < 0.001), meaning they are inversely related. In contrast,
LFD and CTT over the western Himalayas are moderately correlated (R
= 0.40, P < 0.0001), and that over the middle Himalayas are poorly
correlated (R = 0.22, P = 0.00324).

The correlation analysis of all parameters shows fair agreements over
the Western Himalayas than the other two regions. It signifies that the
Eastern and the Middle Himalayas’ lightning climatology have different
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Fig. 11. Scattered plot of the monthly lightning flash density (LFD) with specific humidity in the different Himalayan regions. Values of correlation coefficients and

the significance levels of the parameters are also shown in each plot.

characteristics than the Western part of the Himalayas. The possible
reasons could be (i) the complex combination of a higher abundance of
water vapor, (ii) aerosol loading, (iii) terrain height difference, (iv) the
difference in vegetation index. The most humid region has a negative
correlation with the CTT. It could be due to the presence of abundant
moisture above the cloud base, whereas the dry area has a positive
relationship with CTT due to the opposite effect. Higher CAPE with
suitable relative humidity in the monsoon shows a good correlation with
lightning activity.

We illustrate SH and LFD for the three different regions of the Hi-
malayan belt in Fig. 11. The LFD has an insignificant correlation (R =
0.09, P = 0.21323) over the Eastern Himalayas, and the correlation
increases over the Middle Himalayas (R = 0.21, P = 0.00549) and the
Western Himalayas (R = 0.75, P < 0.001), respectively. It shows the
correlation coefficient between SH and LFD increases in the less moist
region. The dependency of LFD on precipitation and wind speed is
shown in Fig. 12. Precipitation is positively correlated with LFD (R =
0.21, P = 0.00549 over the Eastern Himalayas, R = 0.23, P = 0.00206
over the Middle Himalayas, and R = 0.49, P < 0.0001 over the Western
Himalayas). But, the correlation between LFD and wind speed is nega-
tive overall Himalayas.

5. Discussion

The Himalayan region is characterized by topographic heterogeneity
and land-use variability with a significant variation in regional climate
patterns. NDVI index over the Eastern Himalayas is higher, followed by
the Western Himalayas, and the Middle Himalayas has the least NDVI
index. The Middle Himalayas cover higher mountains, followed by the
Western Himalayas. LFD is closely associated with the low land area and
hilly regions than higher Mountains. In the western part of the

Himalayan belt, almost one-third of annual precipitation occurs during
the winter due to western disturbance (Dimri et al., 2013). During May
and June, the moisture during the monsoon comes from the Bay of
Bengal in the North-East region. For the North-West region, the hu-
midity comes in June and July (Penki and Kamra, 2013). When the
moist air mass from the Bay of Bengal enters the land region, the thermal
heating and topography enhance moisture’s uplifting and the
thunderstorms. The high mountains of the Himalayas genera ong
updrafts necessary for the deep convective events through their inter-
action with the prevailing winds (Murugavel et al., 2014).

The Eastern Himalayan region is warmer, moist, and with relatively
higher Precip, CAPE, SAT, SH, RH (except January, February, and
December), and AOT. The most increased lightning activity is during
pre-monsoon and followed by post-monsoon. Precip, SAT, CAPE, and SH
influenced positively over this region and showed a positive correlation,
but CTT affected negatively and shown a negative correlation. More LFD
is observed during 50-60% RH. Middle Himalayas lightning activity is
influenced by low SAT and CAPE, moderate SH, RH, AOT, and precip-
itation. The lightning activity is annual, with a single peak during May.
CAPE, SAT, CTT, Precip, CTT, and SH show a positive correlation over
this region. More lightning activity is followed by 50-60% RH. The
Western Himalayas lightning activity is annual, with a prime peak
during July. Moderate SAT and AOT, low precipitation, CAPE, SH, and
RH (except January, February, and December) affect lightning activity.
The correlation of LFD with Precip, CAPE, SAT, SH, and CTT is positive.
Higher LFD is in the range of 50-60% RH. The de plot (Fig. 1b)
reveals that the lightning activity is active all mont@ept December
(nominal value). The high lightning activity starts from March over the
Eastern Himalayas and spreads throughout the Himalayas in May.

The Eastern Himalayan region is generally warmer and humid than
the other two Himalayan regions. The Middle Himalayan region has a
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correlation coefficient and the significance levels of the parameters are also shown in each plot.

minimum temperature as the selected study region covers mountains
and slopes with higher altitudes than the other areas. The low land
southern part of the Middle Himalayan region is relatively warmer than
the northern part. Over this region, the thermodynamic instability
generated at high temperate flat land produces lightning over the plains,
hills, and sparsely mountains. The Western Himalayan region has
nonuniform atmospheric convection. It covers the warmer part of
Pakistan, Afghanistan, India, and some parts of the mountain’s region.
The annual variation (variation from January to December) of the SAT
over the Western Himalayan region is significantly higher than the
Middle Himalayas. Besides, fewer amounts of water bodies and atmo-
spheric water vapor make this region very hot and dry.

On the contrary, the abundance of water bodies in BOB’s close vi-
cinity, the moisture content over the Eastern Himalayas, is significantly
higher than the other two Himalayan regions. An increase in surface
temperature after the winter season increases the atmosphere’s
moisture-holding capacity and holds more moisture. As the surface heats
up and reaches a temperature around 290-293 K, sufficient CAPE builds
up so that the available water vapor (a measure of specific humidity)
coincides with pre-monsoon and monsoon and can enter the mixed-
phase region of the thunderstorm to produce enhanced electrical ac-
tivity (evident from Fig. 4). The enhanced water vapor with sufficient
SAT and CAPE may be critical elements to increase the Eastern region’s
lightning activity in April and May. This phenomenon is evident in the
analysis. Also, the thunderstorm and distinct squall lines sometimes

advert from the northwestern and south-eastern side of India that is
ultimately dissipated over the eastern part of the Himalayas, resulting in
a significant amount of lightning precipitation. Over the western region,
water vapor becomes accessible after the monsoon season. At that point,
the temperature likewise becomes favorable (over 290 K) for the gen-
eration of adequate CAPE, resulting in enhanced activity in LFD.

The observed dependence of LFD on SAT and CAPE during the
analysis over the different parts of the Himalayas is consistent with the
previous results observed in various parts of the globe (Siingh et al.,
2014; Pinto and Pinto 2008; Zheng et al., 2016). As the surface warms
up, the evaporation rate increases moisture in the atmosphere, which is
the crucial element of the global water cycle (Huntington, 2005). Suf-
ficient SAT and CAPE uplift the humidity to the higher part of the at-
mosphere through the convection mechanism. As the moist air rises, it
cools down. When the moisture in the atmosphere uplifts, some water
vapor in the rising air condenses, and puffy cumulus clouds may form in
the atmosphere. As the cumulus cloud continues to grow, the tiny water
droplets within the cloud combine and become more abundant. The
possibility of the formation of drops and updrafts within it increases as
the moisture in the atmosphere increases. The precipitation may grow at
a low height if the relative humidity is relatively higher. We observe this
phenomenon above sea or water bodies with a higher-level relative
humidity. The base of the cloud over land and sea is illustrated by
Warren et al. (2007). Suppose the moisture reaches sufficient height for
saturation and the humidity above the cloud is relatively high. In that
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case, the corresponding downdraft and updraft of water with ice crystal
may electrify the cloud and form thunder and lightning.

Suitable moisture with sufficient CAPE and SAT during pre-monsoon
in the Eastern and the Middle Himalayas and during the monsoon over
the Western Himalayas is the primary cause of lightning activity.
Greater CAPE and SAT may not yield more lightning if moisture satu-
rates before reaching the mixed-phase region. So, LFD has a better
correlation with CAPE and SAT in the moderately moist area.

The surface characteristics affect the dry stage of conditional insta-
bility and, ultimately, updraft strength of the moist air. It is the primary
factor for cloud electrification. Conditional instability is a two-stage
process, a dry stage in the planetary boundary and a wet stage above
the cloud base. As the relative humidity drops, the dry thermal buoyancy
increases, which ultimately increases the cloud base height, but the
accessibility of adequate moisture to create a thunderstorm is an
essential factor for cloud electrification and lightning. If RH is signifi-
cantly less, the cloud base height is so high that cloud formation is
prohibited entirely. Such low RH associated with high cloud formation is
noticeable over the deserts (Williams and Stanfill, 2002). A rapid in-
crease in moisture with a little temperature rise may reach the atmo-
sphere’s saturation level, which hinders further increase in the water’s
height and decreases the formation of thunderstorm and lightning ac-
tivity. We observe this phenomenon in the monsoon season over the
Eastern and Middle Himalayas. The amount of aerosol is responsible for
surface warming. The temperature rise may increase in CAPE value and
enhance the lightning activity transporting the aerosols to the
mixed-phase region as the secondary effect.

Over Eastern Himalayas, higher temperate and moisture, enough
CAPE, and SAT with moderate RH (50-60%) in pre-monsoon increases
the cloud’s height, resulting in more lightning flashes. Conversely, the
least moisture with average RH (<50%) from October to March reaches
the dew point on increasing the altitude. Still, the CAPE and SAT are
insufficient to create adequate updraft and downdraft, a necessity for
cloud electrification. Besides, the least moisture during this period
similarly supports the atmospheric stability. Therefore, increasing the
cloud height (lowering CTT) does not respond positively to electrifica-
tion over the Middle and Western Himalayas. Consequently, the oppo-
site effect of LFD with CTT is observed.

6. Concluding remarks

The lightning density over the Himalayan belt has significant het-
erogeneity. Higher lightning density in the Western Himalayas than the
Eastern Himalayas is eived during monsoon and post-monsoon,
whereas a reverse phenomenon is observed during pre-monsoon. The
Middle Himalayas is the least lightning zone among the three. The
derived dependency of LFD on several meteorological parameters (i.e.,
CAPE, SAT, RH, and SH) in terms of the correlation coefficient shows
that LFD positively correlates with SAT in the Western Himalayas,
moderately in the Middle Himalayas, and least in the Eastern Himalayas.
The correlation of LFD with CAPE is significant in the Western Hima-
layas, moderate for the Eastern Himalayas but insignificant in the
Middle Himalayas. Higher moisture during monsoon and post-monsoon
and insufficient CAPE and SAT during winter feed seasonal lightning (i.
e.in pre-monsoon seasons) over in the Eastern Himalayas. Moderate
humidity from March to September, mainly sufficient moisture during
the monsoon seasons, feed the annual lightning with peak activity
during monsoon over the Western Himalayas. The comparatively low
temperature and humidity play an important role in less lightning ac-
tivity over the Middle Himalayas. The driven instability created by SAT
and CAPE is sensitive to lightning; however, the relative humidity at
700hpa is very crucial, and 50-60% is most favorable for the cloud
electrification and lightning activity over the Himalayan region.
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