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Abstract

LIGHTNING DISTRIBUTION DURING ACTIVE AND BREAK
MOoONSOON PERIODS OVER SOUTH ASIA

ARSHAD ARJUNAN NAIR

The Indian summer monsoon rainfall and its annual variability is generally deter-
mined by the performance of monsoon in the monsoon zone of India. Variability
of monsoon rainfall, especially in the monsoon zone of India strongly depends on
the intensity and duration of the active and break monsoon periods. Several factors
such as rainfall, convection, convective available potential energy (CAPE), surface
temperature, relative humidity, topography, etc. considerably differ during the ac-
tive and break monsoon periods. These factors also affect the lightning activity in
a particular region. Since the performance of monsoon crucially depends on the
intensity and the duration of the active and break periods, it is important that
the link between the lightning activity and these environmental factors is examined
over the monsoon zone of India. This thesis tries to examine these related links over
South Asia with the help of satellite data for lightning activity. We first identify
active and break spells during 1995-2012 based on the precipitation in the monsoon
core zone. Then, we examine lightning distribution in this region during active and
break spells during the monsoon for this eighteen year period. The relation between
the position of the monsoon trough and the zone of maximum lightning flash rate
is then examined. Correlation is observed between lightning distribution and the
monsoon trough position during these active and break spells. Further work is to
be carried out to understand this observed correlation, by studying the link of the
above mentioned environmental factors with lightning within the regimes of active

and break spells.
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Chapter 1
Introduction

This thesis examines the lightning distribution over South Asia during active and
break periods of the Indian Summer Monsoon. This exercise is expected to shed
light on the differences in cloud electrification in these two regimes and the factors
that may have a contribution to causing these differences. This thesis identifies
active and break spells of the Indian Summer Monsoon. Subsequently, lightning

activity in these spells is analyzed with respect to the monsoon trough position.

The questions we hope to answer are: Does the monsoon trough have any role
in modulating lightning activity? If yes, how? What are the factors that cause
periods of the monsoon to be active/break that also affect lightning activity?
By looking at these questions, and trying to find answers within the contrasting
regimes of active and break spells, we hope to increase our understanding of how

lightning is modulated.

Chapter 1 introduces the scope and motivation of this thesis. In Chapter 2, the
context of the thesis is established with a literature survey of topics relevant for a
background. Chapter 3 delves into the methods used to answer our questions and
also includes a primer on the data used in this study. Chapter 4 summarizes the
observations and results of this investigation. These are discussed in further detail
in Chapter 5. Chapter 6 concludes the thesis and briefly indicates the work that

can be explored in the future as an extension of the work presented in this thesis.






Chapter 2
Background

In this chapter, some ideas about monsoon, its origin, and its variability are intro-
duced. The idea of active and break spells is discussed with a literature survey of
the various criteria for identifying the same. A primer into lightning is given. The
effect of climatic factors on lightning is discussed. Some idea about the climatology
of lightning over South Asia, our area of interest, is also developed. This chapter

aims at establishing a suitable background of the study.
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2.1 The Monsoon

Monsoon comes from the Arabic word — mausim — for season. It was first used
to describe the winds over the Arabian Sea, which blow from the northeast for one
half of the year and from the southwest for the other half. This seasonal reversal
in the direction of wind is accompanied by a dramatic change in precipitation [4]
due to variations in the heating of Earth’s surface [5]. One associates this heavy
rainfall with monsoon, although the monsoon is both wet as well as arid conditions

of the seasonal cycle.

Monsoons are caused chiefly due to larger variation in temperatures over land
than over sea. This difference is due to the higher heat capacity of seas (3.93
Jg'K 1) [6] establishing stable sea surface temperatures (SSTs) and the lower
heat capacity of land (0.19 (dry) to 0.35 (wet) Jg~'K~!) [7] resulting in larger tem-
perature variation over land. The difference in temperatures translates to pressure

gradients that cause these large monsoon winds to blow between land and sea.

Ramage’s conditions [4] require that monsoon winds have direction between Jan-
uary and July shift 120°, >40% show preferential direction, and their mean speed

exceeds 3 ms™!, and also that pressure patterns satisfy a steadiness criterion.

These conditions determine the three main monsoon systems of the world: (1)
Southwest Indian monsoon, (2) Sub-Saharan/West African monsoon, and (3)
North Australian monsoon. The North American monsoon and South American
monsoon fail to satisfy Ramage’s criterion of complete wind reversal, and hence

are currently not considered as monsoons.

2.1.1 A gigantic land-sea breeze?

Monsoons are classically described as large land-sea breezes that happen due to
varying variation in temperature over land and sea. That is, land has a tendency
to attain and lose heat faster than sea. This, as mentioned earlier, is primarily due

to the higher heat capacity of sea as compared to land. The resulting temperature
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Asian monsoons

Monsoon is used to describe seasonal reversals of wind direction, caused by temperature differences between
the land and sea. The most well-known of these, where the term is most often applied, is the Asian Monsoon.
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Figure 2.1: Land-sea breeze of the Asian Monsoon. (REUTERS/W. Foo)

gradients translate to pressure gradients, such that air from above the cooler sur-
face is pulled towards the hotter surface. This air ascends above the hotter surface.
When this air is sufficiently loaded with moisture, and when condensation occurs

due to the ascent, we receive rainfall (see Fig. 2.1).

However, there are other factors to be considered as well. One other factor that
also results in stable sea surface temperatures (SSTs) is the ability of seas to con-
vect heat. Thus there is a larger depth involved, where temperatures are relatively
stable. In the summer months, we then have a sea-land breeze (summer monsoon)

and in the winter months, we have a land-sea breeze (winter monsoon).

Still, the classical idea of monsoons being a gigantic land-sea breeze is not sat-
isfactory when you think about the following question: Why does the monsoon

progress even though rainfall drastically cools the land it is traversing above?
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Let us try and understand this. Consider a slab that is being heated by a source.
The factors that determine the rate of heating are the (1) heat capacity of the
slab, (2) flux of energy at the surface of the slab, and (3) thickness of the slab.
Moist soil has a heat capacity up to 184% that of dry soil [7]. Moist soil has a
higher albedo (40%) than dry soil (20%) [8], which has a higher albedo than even
sea water(10%). Moist soil will also involve a deeper amount of land in the process
due to the effect of convection. The rainclouds reduce the amount of insolation
through occlusion. Thus, the combined effect would be the reduction of heating of
land and therefore one would expect a reduction in the intensity of the monsoon.
What is observed, however, is strengthening of the monsoon, with wind speeds

increasing beyond 10 ms™' (at the surface) after the onset of monsoon on land.

This can be explained once we realize that latent heat of vaporization is released
into the atmosphere above land during the process of rainfall. This overcompen-
sates the effect of the cooling land. Thus, the initiator of monsoon is the land-sea
temperature contrast, while the driver of monsoon is the tropospheric heating due
to latent heat release over land. In addition, due to the evaporation of water from
the sea, the sea becomes even cooler and the winds even stronger, and thus result
in mixing of water to a greater depth, and cooling the sea even further. These

processes play major role in the acceleration of monsoon.

There are several other factors that control monsoon dynamics, such as the rotation
of the Earth resulting in Coriolis forces having maximum gradient at the equator,
the meridional pressure gradient force subject to the Coriolis effect and the con-
sequential frictional dissipation, secondary ageostrophic circulations, meridional
ocean heat transport, coupling of above factors, and effects of orography. Discus-
sion regarding these factors are beyond the scope of this thesis. It is hoped that
a basic idea of monsoon and its dynamics is developed. For further reading, one

may be directed to [1,4,9-15]. We now discuss about the monsoon in South Asia.



2.1. THE MONSOON 7

1

L) P
X ) V)|

ANNUAL
RANGE

Y Amarclic Gircle

o 1500 3000 Miles
= A

0 1500 3000 Kiiomaters Copyright © 2004 Pearson Prentice Hall, Inc.

Figure 2.2: Temperature variation within a seasonal cycle The Tibetan
Plateau shows a variation over a range of 60° C as compared to 3-5° C over the
Indian Ocean.

2.1.2 Monsoon in South Asia

The dramatic change in precipitation associated with the monsoon makes it the
most anticipated weather event for any Indian. The Indian monsoon involves the
south-west monsoon, where generally rain bearing winds blow into the subconti-
nent from the Indian Ocean during the months of June-September. The south-west
or summer monsoon brings in 75% of the annual rainfall in most parts of India [16].
Later, in October, these winds reverse direction and cause the north-east monsoon

and bring rains to the rice bowl of India.

The highly dramatic nature of the Indian monsoon can be attributed to topogra-
phy. The Tibetan plateau acts as an initiator and driver of the summer monsoon.
During the pre-monsoon months, the Tibetan plateau acts as an elevated heat
source (Fig. 2.2). This overcomes its effect as a barrier and the monsoon is carried
further inland, bringing rains deeper into the subtropics. Without the Tibetan
plateau, India’s subtropical regions would be as arid as in the subtropical regions
of the rest of the world [17-19]. The East African Highlands act as barrier to

low-level easterly winds and result in the transport of moisture rich air as the So-
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Figure 2.3: Orography and the monsoon Eastern African Highlands to the west
and the Himalayas to the north ensure that moisture laden winds are confined to
South Asia. Image modified from [1].

malia jet to the Indian subcontinent, while simultaneously lowering Arabian Sea
temperatures [20,21]. The Himalayas orographically lift the moisture laden clouds
and lead to precipitation [18,19] (Fig. 2.3).

2.1.3 The Monsoon Trough

The monsoon trough is a region of low pressure formed during the monsoon season.
It typically develops from northwest India to the Bay of Bengal as a region of heat
low. The monsoon trough runs roughly parallel to the Himalayas typically about
300 km southwards. When it is close to the foothills of the Himalayas, there is
usually intense rainfall in the area and deficit rainfall over the monsoon core zone
that lies over most of Central India. This characterizes a break event as discussed
in Sec. 2.2. When the axis of the monsoon trough moves southwards, it brings
rainfall to the monsoon core zone resulting in an active spell. Although the heat
low in the monsoon trough are not enough to intensify into depressions, the shallow

systems embedded in the trough bring copious amounts of rainfall.



2.1. THE MONSOON 9
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Figure 2.4: The last 100 years of rainfall in India. The relative stability of the
monsoon and the interdecadal variability are quite evident from the infographic.

(REUTERS/C. Trevethan)

2.1.4 Variability of the South Asian monsoon

The South Asian monsoon or the Indian Summer Monsoon is relatively stable
(85.31£8.29 cm) [22]. It is characterized by high rainfall with relatively less devi-

ation from the mean. Prolonged conditions of drought or flood are rare events.

Intra-seasonal variability

Intra-seasonal variability is observed in the Indian Summer Monsoon. There are
quasi-periodic oscillations of 3—5 days, 10-20 days, and 30-60 days. These oscilla-
tions are believed to be caused primarily by the atmosphere dynamics. However,
the land surface temperature and seas surface temperature also have a role in these
oscillations. These affect the onset of the monsoon and periods of break. They
may also intensify or alleviate the effect of El Nifio Southern Oscillation (ENSO)

on monsoon. [23]
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Inter-annual variability

The strength of monsoon in one year determines the strength of monsoon in the
next. Assume that in this year, the summer monsoon is stronger than usual
due to some forcing factors (could be higher temperatures over land, lower SSTs,
etc.) Then there would be deeper extent of ocean mixing and increased storage of
heat, which would mean that the seas surface temperatures (SSTs) reduce further.
Now, once it is time for the winter monsoon, the sea is at a lower than normal
temperature and thus the winter monsoon is weaker than usual. This further
feeds back into the summer monsoon that comes the next year. Thus, inter-
annual variability is reduced and the effect of forcing factors such as anomalous
SSTs is taken care of. This could be one of the reasons for why the Indian Summer

Monsoon has seen prolonged drought/flood conditions very rarely.

Biennial variability

It has been observed that monsoon shows biennial oscillation [23]. Its strength
alternates between high and low values on alternate years. The reason for the
biennial oscillation is attributed to the above mentioned feedback mechanism of
nullifying the effect of anomalous conditions. There is also the idea that the quasi-
biennial oscillation in the stratosphere may carry its effects into the troposphere
[24-29]. The biennial oscillation in monsoon could also be an effect (or cause) of
ENSO, which is generally biennial with El Nifio (warm) phase and La Nifa (cold)
phase.

Inter-decadal variability

It has been observed that on a decadal scale, monsoon-ENSO interaction is not
stationary [23]|. Indian rainfall has been shown to be correlated with the Southern
Oscillation Index highly during some decades and weakly in others. These changes

occur on a 20-year periodicity.
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Figure 2.5: Monsoon rainfall and ENSO from 1950-2012. Image adapted
from [2].

2.1.5 ENSO and Monsoon

El Nifio Southern Oscillation (ENSO) has been observed to impact the Indian
monsoon rainfall. In the 1920s, Walker [30] discovered that rainfall anomalies
over India could be foreseen from the Southern Oscillation of surface temperatures
of the tropical eastern Pacific Ocean. However, he was unable to establish a
forecasting method based on this observation. Later, Bjerknes [31] realize that the
Southern Oscillation and El Nino are closely related. Forecasting based on ENSO
were developed. However, there still was a large amount of unpredictability due to
regional factors. Most of these factors were discussed in the previous section. Some
other factors are snow cover in the Tibetan plateau, which reduces its efficacy as
an elevated heat source, thereby weakening the monsoon and the cooling effect of

rainfall and rainclouds weakening the monsoon.

2.2 Active and Break Spells

An important theme of the Indian summer monsoon is the occurrence of active and

break spells. Fluctuations on the intra-seasonal scale between active spells (good
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Figure 2.6: Rainfall anomaly composite for active and break spells from 1951
2004. The scale denotes deviation from normal rainfall in mm. The difference in
active and break spells is well illustrated. Image adapted from [3].

rainfall) and break spells (deficient rainfall) has a large impact on seasonal mon-
soonal rainfall over India. For example, prolonged breaks in July 2002 (04.07.2002
to 17.07.2002 and 21.07.2002 to 31.07.2002) led to drought in our country. There-

fore, identification of active/break spells is necessary.

There have been many attempts at trying to identify active and break spells of
the Indian Summer Monsoon. Blanford [32] first identified the ‘height of rains’
and ‘intervals of drought’. In intervals of drought, the monsoon trough was ob-
served to be pushed close to the foothills of the Himalayas. Ramamurthy [33]
defined a break spell as a period in the peak monsoon months of July to August
when rainfall over the Indian monsoon zone was interrupted for days, based on
Blanford’s criterion. The Indian Meteorological Department (IMD) identifies a
break by considering the low level pressure and wind patterns associated with the
corresponding rainfall anomaly [34]. De et. al [35] defined a break situation as
one where the monsoon trough is located close to the Himalayan foothills, easterly
winds disappear from the sea level and 850 hPa charts, provided the condition

was satisfied for more than a day. Krishnan et. al [36] identified break days as
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those with positive OLR anomalies for over 4 days over northwest and central
India (only over the western part of the monsoon trough zone), provided the aver-
age OLR anomaly over 73-82°E, 18-28°N exceeded 10 Wm ™2 during this period.
Krishnamurthy and Shukla [37-39] identified spells based on a threshold of half
standard deviation of the All-India Daily Rainfall Index. Goswami and Ajayamo-
han [40] defined a break spell on the basis of the 850 hPa wind at 15° N, 90° E.
Gadgil and Joseph [41] defined a break (active) day as that on which the rainfall
over the monsoon trough zone is below (above) the specified threshold for western
and eastern parts of the monsoon zone. Periods were identified as active (break)
when the standardized rainfall anomaly over the Indian core region was more than
(less than) 0.7 (-0.7) for three consecutive days in the view of Mandke et. al. [42].
Rajeevan et. al. [3]| identifies spells based on the normalized anomaly of the rain-
fall over a critical area, approximately over 68-88°E, 18-28°N, called the monsoon
core zone. When it exceeds 1 (less than -1) for at least three consecutive days,
it is an active (break) spell. For the purpose of our study, we use Rajeevan’s [3|
criterion. This is because rainfall is the best proxy for identifying fluctuations in
monsoon and because the spells identified in their study correspond well with that

of previous studies as well as with ground based observations.

2.3 Lightning

Lightning is the process of charge neutralization in a thunderstorm. It occurs
through a sudden electrical discharge between the regions where charge separation
has occurred in a thundercloud — intra-cloud (IC), or between the charged section
of the cloud and the ground — cloud to ground (CG), or even from one cloud to
another — cloud to cloud (CC). The least common type of lightning is cloud to
ground (CG) lightning. However, it is the most understood as it is more relevant

to study, is easier to detect, and has greater intensity.

The main mechanism for charge generation in clouds is believed to be charge

separation due to formation of ice particles [43-46] and their interaction with
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water droplets [47], but there are other inductive [48] and non-inductive [49, 50]

charging mechanisms.

Once there is sufficient charge separation (of the order of 1 MV), a stepped leader
process occurs. Air is broken down in steps of 3200 m in the form of an ionized
plasma leader. Once the leader reaches an oppositely charged region, an electrical
discharge as a return stroke travels up this channel. It is then possible that more
such return strokes occur. All of this occurs in a time <10 ms, and is observed as

a single lightning flash. [51]

2.3.1 Environmental factors that affect lightning

Lightning is dependent on several factors such as ground elevation, latitude, wind
currents, humidity, proximity to water bodies, thunderstorm updraft growth [52],
rainfall rate [43,53], cloud-top height [54-56], mesocyclone occurrence [57,58|, po-
sition of the South Pacific Convergence Zone (SPCZ) [59], surface temperature,

water vapor, ozone, updraft speed [60-62|, and aerosol concentration.

One important factor modulating lightning is the updraft speed. Updraft speed
is reflective of atmospheric convection and the ability to cause rain and lightning.
Rainfall occurs with modest lifting, however deeper lifting is needed for lightning
to occur. Baker [60,61] and Boccippio [62] have shown the relation between light-
ning and updraft speed.

Lightning is closely linked with temperature. A positive relationship between the
two is observed with 10-100% increase in lightning with an increase of 1° in sur-
face temperature [63]. Several other studies indicate the same on varying temporal
scales [58,64-76].

Specific humidity in the upper troposphere has been shown to be correlated with
lightning activity. In the tropics, it has been observed that high cloud coverage cor-
responds to higher lightning activity. Studies by Petersen [77| and Sherwood [78§]

have shown the strong correlation of ice content and size with lightning. Water is
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the main natural greenhouse gas and thus in its various forms in the troposphere,
has an effect on the radiation balance. In increased amounts, it would result in

increased warming and accordingly affect lightning.

Lightning is a major producer of ozone and can thus modulate its own occurrence
and intensity through greenhouse effect. Experiments have shown the influence
of enhancement in lightning activity in enhancing ozone concentrations and the

possible positive feedback [79-82].

Aerosols modulate lightning through its effects on cloud microphysics, precipita-
tion, and electrification [83,84], and convection [85]. Increase in the concentration
of aerosol reduces mean droplet size, suppresses warm rain coalescence, and en-
hances cloud water transport to the mixed-phase region [86]. However, enhance-
ment in lightning activity need not always occur. This study by Williams [86] on
aerosol and electrical parameters in the Amazon Basin in Brazil during aerosol-
rich and aerosol poor conditions could not show the expected contrast in lightning
activity. It has been suggested by Kamra and Nair [24] that aerosols can have
an enhancing effect on lightning due to the availability of more charge generating
particles, but beyond a threshold it may cause insufficient particle sizes and cause

reduction in electrification.

Cloud-top height is a measurement of thunderstorm depth made using radars. It
is closely related to lightning activity [54-56,62,87,88| as it indicates the gravi-
tational potential energy of ice particles in the upper reaches of a thundercloud.
This accumulation of ice shows positive correlation to CAPE and updraft speed.
However, radar cloud top height and lightning flash rate are not uniquely related
in different meteorological regimes [86,89-93|. It is therefore useful to study their

relationships in contrasting regimes such as during active and break spells.

For an in-depth reading into the relationships between lightning and some of the
above mentioned factors, one is directed to the comprehensive review of the same

by Williams [94] as well as a discussion by Price [63].
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2.3.2 Climatology of lightning over South Asia

Manohar et al. [70] studied the thunderstorm activity over India with focus on the
Indian Summer Monsoon. They observed latitudinal variation in lightning activ-
ity in the pre-monsoon and monsoon months, using data from a large number of
Indian stations (ground-based). During the premonsoon months (M—A-M) it was
observed that the lightning activity increases and shows a decreasing latitudinal
trend. In the monsoon months (J-J-A-S) they observed a contrasting latitudi-
nal trend of lightning activity. Thunderstorm activity occurred with maxima in
the monsoon onset in June and the monsoon withdrawal in September, with low
values in the peak monsoon months. This result was also observed by Kamra
and Nair [24] in their recent study around the west coast of India. Manohar [70]
also observed a semi-annual oscillation in lightning maxima corresponding to the
seasonal migration of the Inter Tropical Convergence Zone (ITCZ) as well as the
solar heating of the surface. Manohar and Kesarkar [95] indicated an east-west
contrast in lightning activity, with the demarcation occurring at about 80°E. Their
later study [96] along with Kandalgaonkar’s study [97| establish this latitudinal
variation of lightning across the Indian subcontinent. This distribution is observed

to differ from other regions in the tropics.

South Asia has a unique landmass distribution. The peninsular Indian subconti-
nent increases in land area at a rate of about 10° km?/°latitude northwards. Also
its orography is defined by the Himalayas to the north, which runs in the west-east
direction, the Western Ghats running north-south close to the west coast of India,
the Indo-Gangetic plains southward of the Himalayas and over most of central
India. The Arabian Sea lies to the west of the Indian subcontinent, while the Bay
of Bengal to its east. These features have a significant role in controlling lightning

in the region.

The monsoon season is characterized by the surface low pressure trough called the
monsoon trough. It generally runs from northwest India to the Bay of Bengal. The

monsoon trough is a region of high atmospheric instability and deeper convection.



2.3. LIGHTNING 17

Thus most lightning occurs above the monsoon trough. The monsoon trough is
blocked by the Himalayas in the north, lying parallel to it about 300 km south, and
therefore the region sees most thunderstorm activity, with increased lightning in
the northwest due to the atmospheric instability due to the convergence of hot air
from northern Pakistan and the heat low over northwest India as well as increased
lightning in the northeast due to the moisture supply from the Bay of Bengal.
During break periods, it is observed that the monsoon trough moves closer to
the Himalayan foothills and during active periods southward to the monsoon core

zone. It is therefore expected that lightning would follow a similar shift.

On a temporal scale, it is observed that most of the annual lightning (monthly-
averaged) occurs in the pre-monsoon months (April and May). In the monsoon
season, lightning is strikingly high in the onset (June) and withdrawal (September)
of the monsoon and has local minima during the peak monsoon months of July

and August.

It is expected that a unimodal monthly variation of lightning activity would be
observed due to the convergence of the Julian Madden oscillation of the monsoon
coinciding with the monsoon trough position [97|. However observations indicate
a bimodal distribution [24,70,95-97|. It has been speculated that the retreating
ITCZ during the withdrawal of the monsoon dominates over the effect of increased

land mass, orography, and the weakening of the monsoon trough.
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3.1 Area of Investigation

The area of investigation considered in this study is a rectangle from 17.5-32.5°N

and 70-95° E. This area encompasses the monsoon core zone (described in [3])

as well as the Himalayan foothills. The reason for choosing this area is to look

at lightning distribution in Central India and in the Indo-Gangetic plains and

also as the monsoon trough position is found within this area. The area of in-

vestigation is divided into 2.5°x 2.5° grid-boxes. Grid-boxes to the north of the

Himalayan foothills are eliminated as the monsoon trough always lies to the south

of the Himalayan foothills. Grid-boxes over sea are eliminated due to the order of

magnitude land-sea contrast in lightning.
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Figure 3.1: Area of investigation from 17.5-32.5° N and 70-95° E. The grid-
boxes shaded red are omitted as either they are over sea or beyond the Himalayan
foothills. Jagged polygon roughly across 18-28° N and 69-88° E is the monsoon

core zone 3|

3.2 Indian Daily Weather Reports

The Indian Meteorological Department (IMD) releases its weather reports on a
daily basis. The collated hard copies of these reports are available at the Library
at IITM, Pune. The daily weather reports from 1995-2012 were analyzed to obtain
the monsoon trough position. These weather reports contain the approximate
position of the monsoon trough over the nearest IMD weather station. This data

was converted into latitude and longitude coordinates.
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3.3 Precipitation Data

Precipitation data was obtained from IMD for the period from 1995-2012. Active
and break spells were identified based on Rajeevan’s criterion [3]. The observed
values for precipitation were normalized with respect to the long term normal.

Then, active and break spells were identified as described in Section 2.2.

Active and break events are defined as periods during the peak monsoon months
of July and August, in which the normalized anomaly of the rainfall over a critical
area, called the monsoon core zone exceeds 1.0 or is less than -1.0 respectively,

provided the criterion is satisfied for at least three consecutive days [3].

The normalized anomaly of rainfall is calculated as

X, - X

ox

N

where

e X, is the monsoon core zone averaged daily rainfall for a particular date (i
= 1995-2012)

e X is the monsoon core zone long term (1951-2007) averaged daily rainfall

for that particular date

e oy is the monsoon core zone long term (1951-2007) standard deviation in

daily rainfall for that particular date

N > 1.0 for >2 consecutive days implies active spell and N < -1.0 for >2 con-
secutive days implies break spell. Thus, we determine the active/break spells for
1995-2012 based on this criterion.
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3.4 LIS/OTD Gridded Data

Lightning data was sourced from the Lightning Imaging Sensor (LIS) aboard the
Tropical Rainfall Measuring Mission (TRMM) satellite and the now defunct Opti-
cal Transient Detector (OTD) aboard the MICROLAB-1. The LIS/OTD 2.5° Low
Resolution Time Series (LRTS) gives lightning time-series data as a flash rate den-
sity (I km=2 day™!) with a spatial resolution of 2.5° and temporal resolution of
24 hours over a period from 04.05.1995 to 31.12.2012 [98]. The data is quality
controlled by applying a low-pass temporal filtering in a 110 day window around a
chosen date and a spatial moving average filtering (7.5°) around a chosen grid-box.
Also, detection efficiency corrections and instrument cross-normalizations on the

basis of observations is made.

We observe flash rates for each day of each break spell and for each day of each
active spell in the area of investigation. Average flash rates were computed across
all active spells and all break spells. Maximum lightning zone was obtained by
selecting the latitude for which maximum lightning flash rate occurred on a par-

ticular longitude.

In addition, average flash rates for each date in the normal spells (non-active
and non-break) were calculated. This was established as the expected flash rate.
The percentage deviation of lightning intensity from the expected flash rate was
calculated for each day of each active/break spell. Maximum zone of lightning
deviation was obtained by selecting the latitude for which maximum (positive)

lightning deviation occurred on a particular longitude.
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4.1 Active and Break Spells

Using Rajeevan’s [3] criterion for determining active and break spells as described
in Sec. 3.3, we obtain the active and break spells during the period from 1995-2012
in Table 4.1 and Table 4.2.

We observe that break spells are typically 6 days long, with a standard deviation
of about 3 days. Active spells are on an average 4 days long, with a standard

deviation of approximately 2 days.

During this eighteen year period of study from 1995-2012, there were almost the
same total number of active (27) and break (28) spells.
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Start Date
18.07.1995
19.08.1996
20.08.1997
12.07.2000
09.07.2001
30.07.2004
27.07.2005
28.07.2006
13.08.2006
06.07.2007
27.07.2008
13.07.2009
01.08.2010
25.08.2011

Start Date
03.07.1995
10.08.1996
09.08.1997
16.08.1998
12.08.1999
01.08.2000
26.08.2001
21.07.2002
19.07.2004
07.08.2005
18.07.2007
17.07.2008
28.08.2008
17.08.2009

End Date Days

25.07.1995
22.08.1996
26.08.1997
15.07.2000
12.07.2001
01.08.2004
01.08.2005
02.08.2006
22.08.2006
09.07.2007
29.07.2008
16.07.2009
03.08.2010
27.08.2011

W W Wk OO W ko

Start Date End Date Days

24.07.1996
30.07.1997
03.07.1998
17.07.2000
26.07.2003
01.07.2005
03.07.2006
05.08.2006
01.07.2007
06.08.2007
10.08.2008
20.07.2009
08.08.2011

28.07.1996
01.08.1997
06.07.1998
20.07.2000
28.07.2003
04.07.2005
06.07.2006
07.08.2006
04.07.2007
09.08.2007
12.08.2008
23.07.2009
11.08.2011

Table 4.1: Active spells from 1995-2012

End Date Days

07.07.1995
12.08.1996
14.08.1997
21.08.1998
16.08.1999
09.08.2000
30.08.2001
31.07.2002
21.07.2004
14.08.2005
22.07.2007
19.07.2008
30.08.2008
19.08.2009

L W W UL WHF UL Tty O W Ut

Start Date End Date

11.08.1995
11.07.1997
20.07.1998
01.07.1999
22.08.1999
31.07.2001
04.07.2002
10.07.2004
26.08.2004
24.08.2005
15.08.2007
21.08.2008
29.07.2009
01.07.2011

16.08.1995
15.07.1997
26.07.1998
05.07.1999
25.08.1999
02.08.2001
17.07.2002
13.07.2004
31.08.2004
31.08.2005
17.08.2007
24.08.2008
10.08.2009
03.07.2011

Table 4.2: Break spells from 1995-2012
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4.2 Monsoon Trough Position

Active Monsoon Trough Position Break Monsoon Trough Position
32.5 32.5 -
30 3
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Longitude {°) Longitude {%)

(a) (b)

Figure 4.1: Monsoon Trough Position (a) During Active Spells from 1995-2012
(b) During Break Spells from 1995-2012. The shifting of the monsoon trough to
the Himalayan foothills is evident from the figure.

The monsoon trough position as determined from the Indian Daily Weather
Reports (IDWRs) as described in Sec. 3.2 are plotted in Fig. 4.1. We observe that
the monsoon trough shifts northwards and close to the Himalayan foothills during

break periods. During active periods, the trough is on the monsoon core zone of
India.

4.3 Lightning Distribution

The zone of maximum flash rate in the area of investigation is plotted separately
for active and break spells in Fig. 4.2. It is observed that the maximum lightning
flash zone is shifted northward for a break spell as compared to an active spell.
In Sec. 4.4, the maximum lightning flash zone for individual spells (active/break)
show to a greater degree of clarity the shift of the maximum lightning flash zone

with the monsoon trough.
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Figure 4.2: Lightning Distribution (a) Maximum flash rate zone during Active
Spells from 1995-2012 (b) Zone of maximum positive deviation of flash rate during
Active Spells from 1995-2012 (¢) Maximum flash rate zone during Break Spells
from 1995-2012 (d) Zone of maximum positive deviation of flash rate during Break
Spells from 1995-2012.

4.4 Trough Position and Maximum Lightning Zone

For individual active/break spells of the monsoon, the zone of maximum lightning
flash is plotted with respect to the monsoon trough position. The results for
active spells are in Fig. 4.3 and for break spells in Fig. 4.4. The statistical tests for
our hypothesis that the maximum lightning flash zone and the monsoon trough
should be correlated, give us very strong correlation in the case of break spells
and moderate correlation in the case of active spells. It is also observed that the
maximum lightning zone occurs north of the monsoon trough during active periods
and shows a good correlation with the monsoon trough to the east of 80°E. In the
case of break periods, this zone occurs south of the monsoon trough and shows a

good correlation west of 80° E.
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Figure 4.3: Correlation of Maximum Lightning Flash Zone with the Monsoon
Trough Position for each active spell in the 1995-2012 period. Empty graphs

denote missing trough position information.
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Figure 4.4: Correlation of Maximum Lightning Flash Zone with the Monsoon
Trough Position for each break spell in the 1995-2012 period. Empty graphs

denote missing trough position information.






Chapter 5
Discussion

The temporal range of investigation was chosen to be an eighteen year period from
19952012, as this it had common overlap with the data-sets for lightning, precipi-
tation, and monsoon trough positions. The spatial range of investigation was from
17.5-32.5°N and 70-95°E to understand how lightning activity in South Asia was
modulated. Areas north of the Himalayas, where the monsoon trough could never
be located due to orographic blocking, were neglected. Due to the differences in
convective activity over land and sea, there exists an order of magnitude difference
in lightning flash rates over land (higher) and sea. Therefore, areas over sea within

this rectangle were neglected.

Rajeevan’s [3] criterion was adopted to determine active and break spells during
our period of investigation. He had earlier determined the same for the period from
1951-2007, based on the long term normal of precipitation in the monsoon core
zone from 1951-2004. We extended this analysis to 2012 for the purpose of our
study. We observed that break spells were typically 6 days long, with a standard
deviation of about 3 days and active spells were on an average 4 days long, with a
standard deviation of approximately 2 days. The number of break spells and active
spells during the period of investigation from 1995-2012 were almost same. There
were 27 active spells and 28 break spells during this eighteen year period. It is
important that the identified spells are reflective of synoptic conditions. To ensure

this, we examined the drought years and flood years during this period. From 4.2,
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we see the longest break spells were in 2002, which was a drought year in India.
Similarly, the longest active spells were in 2006, which was a year of abundant
rainfall in India. Also, we observe the second longest break spell in 2009, which
was also a drought year. This confirms the validity of our identification of active

and break spells.

Monsoon trough position was obtained from the Indian Daily Weather Reports
issued by the Indian Meteorological Department (IMD). The conversion of trough
positions described qualitatively into latitude and longitude coordinates was car-
ried out. It was observed that, as expected, in break spells, the monsoon trough
shifted towards the base of the Himalayas, while in the active spell, the trough

maintained its position over the monsoon core zone.

Lightning data was sourced from the LIS detector aboard the TRMM satellite and
OTD detector that was aboard the MICROLAB-1 satellite. Lightning distribution
in the area of investigation was analyzed and the maximum lightning flash rate
zone was obtained. We had hypothesized that this zone would follow the monsoon
trough position. On the average picture, considering the cases of active and break
spells separately, we do not observe our hypothesized result in a striking manner.
A look at Fig. 4.2 shows almost similar maximum lightning flash zones when ag-
gregated for the active spells and break spells. However, the linear trend-line does
indicate a northward shift of the maximum flash rate zone during break spells as
compared to during active spells. This is in tune with our expectation that the
zone would follow the monsoon trough position, although it is not to the expected

extent.

We then examined our derived dataset of percentage deviation of flash rate from
the expected value as described in Sec. 3.4. This was to eliminate the effects due
to the latitudinal variations in landmass area and due to varying orography and
other factors other than the monsoon trough in the region of investigation. It was
expected that the correlation of this zone with the monsoon trough position would

improve. However, we observed that there was significant variation in this zone
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of maximum deviation of lightning flash rate across the area of investigation. The
degree of variation in lightning from expected values doesn’t show a latitudinal
pattern. However, the composite of all such zones does indicate differences be-
tween lightning activity during active and break spells. The expected northward
shift of this zone is evident during the break spells as compared to active spells.
An interesting feature is that this shift becomes less stark as we move towards
the east. This could be an effect of the east-west contrast in lightning activity.

Further investigation into the causes would be worthwhile.

We resolve at the individual level, by considering each spell. In this analysis, we
observe a significant correlation between the monsoon trough position and this
zone of maximum lightning flash rate. The discrepancy between the results may
most likely be due to the high variability of the factors that affect lightning. By
choosing to investigate separately in active and break spells, and looking at the
particular monsoon trough position in each case, we were able to show that even
in contrasting regimes, lightning is affected by the trough position. However, our
results indicate that this correlation is stronger during break spells than active
spells. We use Student’s t-test as one way of examining the validity of our hy-
pothesis that the zone of maximum lightning flash rate should correlate with the
monsoon trough position. In the 27 active spells, we observe significant correlation
for 16 (out of 26) spells. In the 28 break spells, we observe significant correlation
for 23 (out of 26) spells. This statistical testing indicates that the zone of max-
imum lightning is strongly correlated with the monsoon trough position during

break spells and moderately so during active spells.

During active spells we observe that the (1) maximum lightning zone is north of
the monsoon trough position, and (2) there is good correlation between the two
east of 80°E. During break spells we observe that the (1) maximum lightning zone
is south of the monsoon trough position, and (2) there is good correlation between
the two west of 80° E. There has been observations of an east-west contrast in
lightning over the Indian sub-continent - our observation could be related to this.

The reasons for this deem investigation. One possibility could be the lag in the
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lightning’s response to the shifting southward of the monsoon trough during an

active spell and the shifting northward of the monsoon trough during a break spell.

There are some aspects to be considered regarding the limitations of our analy-
sis. Although we tried to increase statistical significance by considering a long
temporal range of eighteen years from 1995-2012, the number of active and break
spells in the same period as determined by us were only 55 in number. Also, the
lightning data for each spell was taken from a daily data-set. The dailyness of the
data may not be accurate. The temporal smoothing over the 110 day period (as
described in Sec. 3.4) could bring in errors due to loss of importance of the syn-
optic conditions observed during the selected spell. The spatial smoothing may
also blur the differences that help in determining the maximum lightning zone.
There are also errors associated with the detector’s varying efficiency during day-
time and nighttime. Although the gridded dataset has corrections based on this,
they need not be accurate for (a) our area of investigation, and (b) the time the
satellite passes over this area. However, it is hoped that the validity of the data is
enhanced due to the long temporal range under consideration in this study. This
we confirm from the agreement of results with our hypothesis and also from the

differences in raw lightning data between active and break spells.

Currently, we are investigating the cloud top height in each of the spells. Cloud
top height would reveal deep convection, which we expect in the monsoon trough.
This could contribute to increased lightning. Investigation into the effect of other

factors that affect atmospheric dynamics on lightning activity is planned.









Chapter 6
Conclusions and Future Work

At the conclusion of this thesis, we have tried to understand how synoptic condi-
tions affect lightning. It was hypothesized that maximum lightning would occur in
the vicinity of the monsoon trough. To test this hypothesis, we examined the daily
lightning data from the LIS/OTD sensors and compared it with observed trough
positions. We chose to do this exercise within the ambit of contrasting regimes of
active and break spells during the monsoon. This required us to re-analyze precip-
itation data, to determine the active and break spells in our eighteen year period
of investigation from 1995-2012. Due to the already well studied differences in
the monsoon trough position during these contrasting spells, we investigated the
changes in lightning distribution in the same. On an average picture, we were
unable to completely verify our hypothesis. However, resolving deeper by consid-
ering each spell, we observed correlation between the zone of maximum lightning
activity and the monsoon trough. Statistical testing further indicated that this
correlation is very strong during break spells and moderately significant during

active spells.
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Future Work

Currently, we are investigating the cloud-top height during these individual spells.
This proxy of the atmospheric instability and conditions could give us an idea
of deep-convective processes that may occur in the monsoon trough having an
effect on lightning. In addition, it is proposed to continue the work in this thesis
by studying the possible effects of convective available potential energy (CAPE),

surface temperature, relative humidity, and topography on lightning activity.
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