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A multi-sensor analysis of the characteristics of electriBed and non-electriBed clouds along with their
impact on the surface-based raindrop size distribution (DSD) during the inter-seasonal phases of Indian
summer monsoon over a heavy precipitation region of Western Ghat (WG) has been highlighted in the
present paper. The analysis reveals that during the pre-monsoon (monsoon) months, raindrops of larger
diameter dominate the rainfall evolving from the non-electriBed (electriBed) clouds compared to the
rainfall evolving from the electriBed (non-electriBed) ones. The complex relationship of the convective
rainfall with highly charged electriBed clouds forces the smaller drops aloft and thereby allowing the
larger drops to precipitate locally during the pre-monsoon season. While for the monsoon months, as most
of the rainfall originates from the deep clouds, the chances of drops to break-up/evaporate is comparatively less for the precipitation evolving from electriBed clouds with charged droplets with respect to the
non-electriBed ones. Hence, drops of larger diameter dominate the monsoon rainfall associated with
lightning. Correspondingly, the paper also highlighted a case study of the changing morphology of the
vertical structure of clouds and surface precipitation with the evolution of lightning during various stages
of a typical rainfall event over the orographic region of WG.
Keywords. Lightning over orographic region; raindrop size distribution; Ka-band Doppler weather
radar.

1. Introduction
Lightning is considered to be the sudden electrostatic discharge that occurs between electrically
charged regions of a cloud, between two clouds or
in the midst of a cloud and the ground. The Cash of
lightning is observed when these charged particles
equalize themselves through this discharge. The
study related to earth’s lightning Cash frequency

has been an object of interest for decades.
Literature (Brooks 1925) reveals that the Brst
estimate of global lightning Cash rate was 100
Cashes per second based on the average number of
lightning Cashes per storm and thunderstorm
counts recorded by various surface weather stations. For several years, scientists have studied
the electrical processes of thunderstorms in order
to determine the mechanisms that cause the
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cloud-to-ground (CG) strikes. These mechanisms
have been the matter of much debate; but in recent
years, the theory that ice particle interactions
cause electriBcation seems to be prevailing. In
order for lightning to occur, large ice particles
(graupel or small hail) must collide with small ice
particles in the presence of supercooled water
above the freezing level, resulting in a net negative
charge for the large particle and a net positive
charge for the small particle. However, the strong
updraft and gravity separate the large particles
from the small ones, which results in lighter/positively charged ice crystals being lifted by the
storms updraft while the heavier, negatively
charged graupel particles remains within 10° to
20°C. Although the vertical electrical structure of
the thunderstorms varies from storm to storm
(Rust and Marshall 1996), a tripole structure is
often observed, with a shallow positive layer near
0°C, a strong negative layer between 10° and
20°C and a positive layer above 20°C (Krehbiel
1986; Williams 2001; Pawar and Kamra 2004).
However, some storms have an inverted electrical
structure as the graupel in the main midlevel
charge region carries a positive charge (Rust et al.
2005; Tessendorf et al. 2007). Thus all the mechanisms as discussed above indicate that the presence
of graupel/hail, ice crystal, supercooled water
constituting the cloud ice microphysical process
triggers the initiation of lightning. As such, a positive correlation between lightning and rainfall is
expected for storms with intense ice phase
processes.
The literature reveals that the study between the
lightning and the rain/ice microphysics linked to
precipitation has increased to a large extent all
over the world. Rutledge and Petersen (1994)
conBrmed this with their observations, that the
majority of the negative CG Cashes are located in
the region of higher radar reCectivity, while the
positive ones are found in areas of weaker reCectivity, in concurrence with the stratiform rainfall
region. Zipser and Lutz (1994) analysed the vertical proBles of radar reCectivity for three different
regimes (oceanic, monsoon and continental)
thereby highlighting the relationship between the
ice water content (IWC) and the eAectiveness of
charge separation. By using CG and total lightning
data, radar reCectivity and microphysical data
from TRMM satellite, Feng et al. (2007) studied 10
hailstorms and found a good correlation between
ice water content (IWC) and Cash rates. Their
results revealed the critical roles of ice
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precipitation particles in determining the electrical
processes of thunderstorms. Recent study by
Katsanos et al. (2007) observed the correlation
between reCectivity and lightning and reported
that the vertical proBle of radar reCectivity with
values[53 dBZ in the low levels, *45 dBZ at 5 km
and 40 dBZ at 7 km are associated with 80%
probability of lightning occurrence. Deierling and
Petersen (2008) and Deierling et al. (2007) used a
dual-polarised Doppler radar as a source of information on ice distribution and updraughts in
clouds, in conjunction with lightning data collected
in Northern Alabama and Colorado/Kansas during
two-Beld campaigns. They found significant relationships between the total lightning activity and
precipitating/non-precipitating ice mass and
established that these relationships are relatively
invariant between different climate conditions.
Matthee et al. (2014) on differentiating between
the lightning and non-lightning convective rainfall
events using polarimetric radar and satellite data
highlighted the domination of deeper clouds with
more ice particles in the mixed-phase regions for
the rainfall associated with lightning. While by
using the Cloud ProBling Radar onboard of
Cloudsat, Buiat et al. (2017) have pointed out that
the presence of ice crystal in the upper and middle
level of clouds, high ice water content and relatively high ice eAective radius seems to be favourable contributory causes for CG lightning stokes
occurrences.
As convective rainfall is associated with the
distributed particle size of hydrometeors, the
physics of rain formation along with the characteristics of rain dropsize distribution (DSD) for the
rainfall associated with and without lightning is
very much important for the researches in cloud
microphysics point of view. Correspondingly, the
DSD also plays an important role in the prediction
of precipitation for the numerical prediction model
as the distributions of microphysical schemes are
sensitive to the particle sizes (Curic et al. 2010).
Numerous studies are available from the literature
for the orientation of raindrops in the presence of
the electric Beld. As a bipolar molecule, water
shows a strong electrical characteristic in the
presence of surface charge and ambient atmospheric electric Beld. These charge and electric
Belds trigger the alignment of the shape of water
droplets by various microphysical processes like
collision, coalescence, diffusion or evaporation
(Lapshin et al. 2002; Nielsen et al. 2011) inside the
cloud which in turn inCuences the surface
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precipitation characteristics. For example, Bhalwankar and Kamra (2007) have shown that the
shape, growth, breakup and evaporation of drops
are strongly impacted when they are charged or
falling through the electric Beld. They pointed out
that the presence of a vertical electric Beld broadens the DSD and as a result, the growth rate of the
raindrops enhances. Coquillat and Chauzy (1993)
showed that the vertical stretching due to surface
charge separation causes an increase in fall speed
because of the equatorial radius reduction and
provides a conical shape of large drops with a
Cattened base and stretched upper pole. The recent
study by Mudiar et al. (2018) upon analysing 12
stratiform rainfall events over the Western Ghats
suggested that the electrical forces inside the cloud
can modify the DSD by inCuencing collision, coalescence and breakup characteristics of raindrops.
Thus all the studies suggest that although the ice
microphysical processes may be one of the causes
for the initiation of lightning, the electrical eAect
inside the cloud due to lightning could change
the microphysical characteristics of precipitation
which in turn impacts the nature of rainfall
associated with lightning.
In spite of several laboratory experiment’s
proposition that the strong electriBcation could
significantly aAect the rain formation process –
the impact of the same in the real atmosphere
especially over the Indian region is not well
documented due to the unavailability of the
collocated observation of surface instruments
and lightning data. As the present region of study
is instrumented with Ka-band Doppler weather
radar, Microwave Radiometer and Joss–Waldvogel
disdrometer, an attempt has been made through
this paper to address the changing morphology of
clouds for a typical event which started initially
with heavy precipitation without lightning followed
by the commencement of lightning and Bnally
ending with the precipitation accompanied by
lightning. Correspondingly, the study also provides
a highlight for the variation of rain dropsize distribution of the rainfall associated with and without lightning during the pre-monsoon and monsoon
months over a region in the Western Ghats for the
year 2016. Thus this study supported by the multitechnique analysis of the extreme meteorological
events will serve as an ideal testbed for understanding the inter-relationship between microphysics of rainfall and lightning precisely during
their evolution from the electriBed and non-electriBed clouds.

2. Data
The region of study under consideration is Mandhardev (18.04°N, 73.85°E), a hill station in the
Western Ghats mountain range of Maharashtra,
India. As discussed previously, the site houses
several ground based instruments which can track
the morphology of clouds and corresponding precipitation right from its stage of formation, invigoration to dissipation. The vertical proBle of radar
reCectivity used in this study had been obtained
from the Ka-band Doppler Weather Radar (KaDWR) of Indian Institute of Tropical Meteorology
(IITM). This Ka-band radar which had been
mounted on a trailer truck has the capability of
rotating full 360° motion in azimuth, 0°–180° coverage in elevation angle and in vertical pointing
mode. It operates at a frequency of 35.29 GHz
(8.5 mm wavelength) and is installed at Mandhardev at about 1.3 km amsl (above mean sea
level). The antenna diameter of Ka-DWR is 1.2 m
and it emits a peak power of 2.2 kW and has a
beamwidth of 0.5°. The sensitivity of the radar is
45 dBZ at 5 km. The receiver and transmitter
units are mounted just below the antenna which
helps to minimize the path attenuation loss in
radar front end. The radar has been calibrated by
using the corner reCector target located on a tower
at a range of *605 m. Nearly 80–85 vertical proBles are observed over a single day with a time
interval of 13 min. In the present study, both the
pulse position indicator (PPI) and vertical pointing
scan mode of Ka-DWR has been considered in
order to describe the inter-relationship between the
convective cycle and lightning of the system.
The raindrop size distribution data analysed for
the present study has been obtained from the
ground based Joss–Waldvogel disdrometer. The
disdrometer which works on the principle of impact
system records the number of raindrops hitting
50 cm2 surface of the sensor enabling the direct
estimation of rain integral parameters like rain
rate, radar reCectivity and liquid water content.
The range of drop diameters that can be measured
with this system spans from 0.3 to 5.3 mm. The
diameters are distributed in 20 different channels
with a sampling interval of 30 sec. The rain-rate
(R) is estimated by employing the following
standard formula

R¼

20 
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Figure 1. Temporal variation of rain rate of a rain event on (a) June 08, 2016, which is accompanied with lightning and (b) June
14, 2016 which has no lightning eAect associated with it. (c) The variation of raindrop size distribution as observed on June 8 and
June 14, 2016.

where ni is the number of drops measured in
dropsize class I during time interval t, Di is the
average diameter of drops in class i, F is the size of
sensitive surface of the sensor of disdrometer (0.005
m2) and t is the time interval (30 sec).
The gridded data used for lightning is taken from
the Maharashtra Lightning Detection Network
(MLDN). This network consists of 20 Earth Network Lightning Sensors (ENLS) installed at different locations over the Maharashtra region. The
frequency ranging from 1 to 12 MHZ is used for
lightning detection. The low frequency (1 kHz) is
used for long range detection of cloud-to-ground
(CG) discharges. The middle frequencies (1 kHz to
1 MHz) are used for locating return strokes. The
highest frequencies (1–12 MHz) are used to detect
and locate in-cloud pulses. The sensor records
whole waveforms of each Cash and sends them back
in compressed data packets to the central server.
Instead of using only the peak pulses, the whole
waveforms are used in locating the Cashes and
differentiating between intra-cloud (IC) and CG
strokes. The signal information enhances the
detection eDciency and location accuracy of the
system. Sophisticated digital signal processing
technologies are used on the server side to ensure
high-quality detections, to eliminate false locations, and to reduce noise typically associated with
detecting electromagnetic energy. When lightning
occurs, electromagnetic energy is emitted in all

directions. Every ENLS sensor that detected the
waveforms records and sends the waveforms to the
central lightning detection server via the Internet.
The precise arrival times are calculated by correlating the waveforms from all the sensors that
detected the strokes of a Cash. The waveform
arrival time and signal amplitude can be used to
determine the peak current of the stroke and its
exact location including latitude, longitude and
altitude. Strokes are then clustered into a Cash if
they are within 700 milliseconds and 10 km. A Cash
that contains at least one return stroke is classiBed
as a CG Cash. The detailed description of MLDN
could also be found from the Pawar et al. (2017).

3. Results
The study initiates by analysing two rainfall events
of nearly same rain rate (i.e., *55 mm/hr) whose
temporal variation has been featured in Bgure 1.
The MDLN information shows that rainfall in
Bgure 1(a) on June 08, 2016 is accompanied with
lightning, whereas the rainfall on June 14, 2016 has
no lightning eAect. The raindrop size distribution
of the two events has been plotted in Bgure 1(c). It
is interesting to note that the number density of
the raindrops in the diameter range of 0.8–4.0 mm
shows a strong domination for the rainfall on June
14 with respect to the rainfall on the other day. It is

J. Earth Syst. Sci. (2020)129:169

Page 5 of 11 169

Figure 2. (a) Temporal variation of rain rate for the rain event of June 21, 2016. (b) The variation of raindrop size distribution
during 09:30–10:00 hrs and 11:00–12:30 hrs for the same rain event.

Figure 3. Temporal variation of the Cash count of lightning as observed vertically above the region of study from the
Maharashtra Lightning Detection Network (MDLN).

also to be noted that the tail of the DSD on June
08, 2016 extended up to 5.3 mm indicating the
presence of larger drops for the dropsize class of
4.2–5.2 mm. The above contrasting features of the
raindrop size distribution (DSD) for the two rain
events of merely same rain rate automatically gives
rise to a query related to the features of the cloud
with reference to its electriBed and non-electriBed

status, which can be one of the important factors
responsible for these variations of the surface level
DSD.
In order to get a deep insight on the nature of
clouds for both the lightning and non-lightning
cases, a detailed case study has been made and for
which a rain event has been chosen in such a way
that the downpours accompanied by lightning and
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without lightning are visible in the same event with
a separation time of 1 hr between them. As such the
rainfall from 8:00–15:00 UTC of June 21, 2016 has
been considered and depicted in Bgure 2. The corresponding Cash count of lightning as seen vertically above the radar site has been portrayed in
Bgure 3. It is observed from Bgure 2(a) that the
mentioned event has been associated with two
spells of rainfall – one during 9:30–10:00 hrs and the
other during 11:00–13:00 hrs. The maximum
intensity of rainfall for the initial period is around
50 mm/hr, while for the later spell, it goes up to
15 mm/hr. The raindrop size distribution for those
two spells of rainfall has been plotted separately in
Bgure 2(b). The Bgure clearly shows that the drops
of larger diameter, in the range of 1.5 mm and
above, dominate the initial spell of rainfall with
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respect to the later one. Correspondingly, while
going through Bgure 3, it is seen that the lightning
started from 10:00 hrs and it lasted up to 12:00 hrs.
Hence, it can be said that the initial part of the rain
event which is associated with the larger raindrop,
has no lightning eAect while the later one, where the
domination of smaller raindrops are more than the
initial one, has intense lightning eAect. The picture
becomes more clear when the spatial distribution of
clouds as obtained from the Ka-DWR during the
initiation of these two rainfall event has been portrayed in Bgure 4. The Brst three Bgures, that is,
Bgure 4(a–c) represents the distribution of clouds
during the initiation of the Brst phase of the rainfall
while Bgures 4(d–f) stands for the later one on June
21, 2016. The scanning has been done in the PPI
mode of the radar with an elevation angle of 1.5°.

Figure 4. The spatial distribution of clouds as obtained from the Ka-band Doppler radar during (a) 09:09 UTC, (b) 09:27 UTC,
(c) 09:45 UTC, (d) 10:39 UTC, (e) 10:57 UTC, and (f) 11:15 UTC. The corresponding lightning Cash as obtained from the
MDLN data during the same time period has been incorporated by black dots in the same Bgure.
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Figure 5. The vertical proBle of radar reCectivity (dBZ) as obtained from Ka-band Doppler weather radar during various time
scales for June 21, 2016. The heading for each Bgure indicates the corresponding time scale.

The black dots represent the lightning Cashes over
the radar coverage region. It is once again established that the initial part of the rain event has no
lightning eAect while the later one is associated with
lightning. The convective structure of clouds with
the maximum reCectivity of 40 dBZ is clearly visible during the initial rain event, while the later part
in Bgure 4(e and f) has no such eAect. Although the
clouds displayed in Bgure 4(c) around 10:39 UTC
shows some convective features, which basically
triggers the persistence of lightning without any
rainfall.
The vertical proBle of radar reCectivity as
obtained from the Ka-band Doppler radar during
this time period has been plotted in Bgure 5.
Twelve vertical proBles of reCectivity in the range
of 40 to 40 dBZ within the altitude limit of 15 km
and the time span of 08:49–12:07 hrs have been
considered for the same in order to represent the
entire event. The evolution of the lower level
clouds is clearly visible from the Bgures in the span
of 8:49–10:01 hrs. These lower level clouds enhance
vertically with time and Bnally the cloud cluster
combining the lower and middle level clouds gives
a huge rainfall around 9:30–10:00 hrs over the
region. With the passage of time, the higher level
clouds come into the system during 10:19 hrs in the

altitude range of 10–14 km. As it is observed from
Bgure 3 that lightning started from 10:00 hrs,
hence it can be assumed that the presence of higher
level clouds acts as an important source to the
initiation of lightning. An interesting feature is
observed in the reCectivity proBle of 10:37 hrs in
Bgure 5, where the lower level clouds combine with
the higher level clouds to continue the lightning
features. It is also visible from the Bgure that two
peaks with a maximum reCectivity of 20 and 18
dBZ are perceived in the middle and upper level of
clouds in the altitude range of *7.5 and 12 km,
respectively, which indicates the presence of sufBcient hydrometers over these two regions. Correspondingly, due to the persistence of lower level
clouds, the precipitation process starts from 11:00
hrs which is accompanied by lightning up to 12:00
hrs. The higher level clouds almost disappear after
12:00 hrs which signiBes the suspension of lightning
after the mentioned time.
In order to get the inside features of total structures of clouds from Radar, the entire event as
described above has been divided into three categories: (a) the stage during heavy rainfall event
before lightning, (b) the stage during lightning
without the rainfall, and (c) Bnally the stage where
rainfall happened with lightning. The corresponding
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Figure 6. The horizon-to-horizon plot of radar reCectivity (dBZ) as obtained from Ka-band Doppler weather radar on June 21,
2016 during (a) 09:25 hrs, (b) 10:19 hrs, and (c) 11:31 hrs.

horizon-to-horizon scan of the radar has been
plotted for the same in Bgure 6(a–c), respectively,
representing those phases. The Brst Bgure (i.e.,
during 09:25 hrs) clearly indicates a strong convection within the system where the reCectivity as
high as 30 dBZ are visible at an altitude of 8 km. It
is also important to note that the convection is
basically shallow in nature where the cloud tops are
conBned within 8 km along with a maximum
reCectivity of 32 dBZ. The high level clouds with
cloud top height reaching up to 12 km make their
appearance in Bgure 6(b) at 10:19 hrs which is
accompanied by intense lightning. The strong
updraft generated during the initial convective
period triggers the upward movement of comparatively small ice particles to higher altitude. The
presence of these small ice crystals probably
enhances the super-cooled water content at the
upper level of the atmosphere explicitly over the
region in which the charge transfer takes place
(Williams and S
atori 2004; Sherwood et al. 2006).

After the collision between the rimed particles and
smaller ice particles, the larger particles like graupel/hail assume one charge and remains suspended
in the updraft, while the smaller ice particles
undertake the opposite charge. When the terminal
velocity exceeds the updraft, the larger particles
fall down whereas the lighter ice particles are lifted
to the upper region of the cloud; thereby establishing an electric Beld within the system. This
generates the in-cloud electric Beld distribution
that initiates lightning when the Beld exceeds an
optimum value (Marshall et al. 1995; Buiat et al.
2017). Moreover, this could be the reason for the
observed two peaks of reCectivity which are noticed
in the middle and upper level of clouds after the
initiation of lightning. The presence of lightning
has also been recorded for the rainfall event during
11:31 hrs where widespread high level clouds are
visible from radar in Bgure 6(c). These lightning
clouds are accompanied by the organised rainfall
over the region of study.
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Figure 7. The variation of raindrop size distribution during the pre-monsoon months as evolved from the electriBed and
non-electriBed clouds.

Figure 8. The variation of raindrop size distribution during the monsoon months as evolved from the electriBed and
non-electriBed clouds.

The variations of the vertical proBle of clouds
during various stages of the rain event naturally
turns the attention to look into the characteristics
of surface level raindrop size distribution as
obtained over the Mandhardev Radar site for all
the rainfall events which are associated with the
presence and absence of lightning for the entire
year of 2016. The analysis has been divided into
two sequences: (i) the nature of rainfall during the
pre-monsoon months (i.e., during March 01–June
15) which is depicted in Bgure 7 and (ii) the nature
of rainfall during the monsoon months (i.e., during
June 16–September 30) which is depicted in
Bgure 8. For the present study, only the lightning
which is detected just overhead of the radar has
been taken into consideration. The record from
MLDN data shows that the region experienced a
total number of six and Bve overhead lightning
above the radar site during the pre-monsoon and
monsoon months, respectively. It is clearly visible
from Bgure 7 that during the pre-monsoon months,
the raindrops of larger diameter dominates the
rainfall which happened without lightning with
respect to the rainfall which happened in

association with lightning. Since it is already
mentioned and proved in the previous paragraphs,
that lightning is a phenomenon of higher level
clouds, it is quite natural that the raindrops
evolving from higher level clouds experiences more
collision-coalescence, breakup and evaporation
processes before reaching to the ground as compared to the rainfall evolving from low and middle
level clouds (Narayana Rao et al. 2009; Chakravarty et al. 2013). Hence, the domination of larger
drops is strongly visible in the pre-monsoon
months for the rainfall which occurred without
lightning in comparison to the rainfall which
occurred in association with lightning. Congruently, a complete opposite behaviour is noticed for
the characteristics of DSD during the monsoon
period as seen from Bgure 8. In this case, the larger
drops show a strong domination in the case of
rainfall associated with lightning with respect to
the rainfall without lightning. Previous studies
have already proved that both the monsoon rainfall
and lightning evolves from the higher level clouds
(Chakravarty and Raj 2013). Thus, due to the
presence of electrical Beld in these types of clouds
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during lightning, the raindrops which evolve from
them already possess electric charge within it. As a
result, the impact of evaporation and break-up in
these types of raindrops are comparatively less
with respect to the other types of raindrops
evolving from the non-electriBed clouds. Hence, the
raindrops of larger diameter show their dominance
in case of the rainfall associated with lightning for
the monsoon months.

J. Earth Syst. Sci. (2020)129:169
is completely opposite for the rainfall during the
monsoon months. It is well known that the rainfall
originating from the electriBed clouds possesses less
chance of evaporation/breakup as compared to the
raindrops evolving from other higher level clouds.
Thus in the absence of any other external forces,
the domination of larger raindrops are clearly visible from the rainfall evolving from the electriBed
clouds when compared with that of the nonelectriBed ones for the monsoon season.

4. Summary and concluding remarks
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