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CHAPTER 1
INTRODUCTION

Rainfall is undoubtedly an inevitable part of our lives. It affects every
strata of livelihood as well as the overall growth of a nation. The southwest
monsoon from June to September constitutes the primary source of rainfall
for our country. Agriculture which is amongst the major contributors to Gross
Domestic Product (GDP) is primarily dependent on the southwest monsoon.
All the major agricultural activities are centered upon the onset of monsoon.
With the high density of the population mainly employed in the agriculture

sector, monsoon and its variability are critical for their daily bread.

The Indian monsoon is a highly variable phenomenon with variations
in the amount of rainfall received in different parts of the subcontinent. There
are years when the rainfall received is particularly high which may lead to
flood conditions and reduced rainfall years which in turn leads to severe
droughts. These fluctuations in precipitation can have a profound impact on
the lives of people. The geographical features of our country are one of its
kind and have a great hold on monsoon. The vast stretches of the Western
Ghats, the snow-covered Himalayas, are beneficial in bringing orographic
rainfall. Tibetan plateau acts as a heat source which creates a low-pressure
system. These along with oceanic and atmospheric circulation patterns

influence the monsoon behaviour.

There are different causes responsible for this asymmetric rainfall
conditions ranging from local to global phenomenon. Under the climate
change scenario there is more possibility that the variations in rainfall may
increase further. Among the reasons for monsoon variability one of the most
important and that which has a wide influence is the El Nifio Southern
Oscillation (ENSO). It is unique to the tropical Pacific Ocean and has a great
impact on the Indian monsoon circulations. ENSO has two phases — a warm
phase named EI Nifio and a cold phase which is characterised by basin-wide

cooling of the tropical Pacific Ocean, called the La Nina (Philander 1998).



The oscillation refers to the seesaw pattern of the atmospheric pressure in
western and eastern Pacific (Aceituno 1992), which takes place on an
appropriate time scale of 2 to 7 years. Under normal conditions the trade
winds blow from east Pacific to the west Pacific, carrying the warm
Equatorial water. Upwelling occurs over the eastern Pacific, to substitute this
loss of water. Cold and nutrient rich water reach the surface making the region
highly productive for fisheries. The difference in the temperature between the
east and west Pacific further enhances the trade winds due to the pressure
difference created. Warm water is piled up over the west and warm air
ascends here leading to formation of towering clouds and rainfall. The air
descends over eastern Pacific, thus completing the circulation. This is termed

as the Walker circulation.

Intense rainfall occurs over the western Pacific whereas drought
prevails over the eastern Pacific. When the trade wind weakens, the warm
water is not carried to the western Pacific resulting in increased Sea Surface
Temperature (SST) of the east Pacific Ocean and a shift in the rainfall and
Walker circulation pattern. Drought occurs over the western Pacific seriously
affecting the Indian and Australian monsoon system. This situation is termed
as El Nifio. La Nina is the enhancement of normal conditions. That is, when
the trade winds are enhanced there will be an increment in the amount of

rainfall received over the Indian subcontinent and also in Australia.

Generally, there exists a negative correlation between El Nifio and
Indian monsoon rainfall with a substantial reduction in the annual rainfall
received. All parts of the country may not be experiencing a decrease in
rainfall due to this phenomenon. The recent decades have witnessed a
weakening of this inverse relationship between El Nifio and monsoon (Kumar

et al., 1999).

India witnessed several drought years as a result of El Nifio though
there were years that brought drought which was not caused by El Nifio. This
shed light into another phenomenon called the Indian Ocean Dipole (IOD).

The positive phase of IOD is marked by warmer than normal SST over the
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west Indian Ocean and cooler than normal SST over the east Indian Ocean.
The former brings intense rainfall to the country while the latter reduces
rainfall. IOD has the potential to cause normal monsoon for India under
conditions of El Nifio. However, it is noted that the number of extreme EI
Nifio years under the global warming period is likely to increase substantially
(Cai et al.,, 2014). Three such events had occurred so far- 1982/1983,
1997/1998, 2015/2016 extreme El Nifio. Each extreme El Nifio was unique
in their characteristics and their effects on Indian monsoon rainfall were
different. It is therefore important to study the serious repercussions of the

extreme El Nifo years.

The objective of this study is to find out how extreme ENSO years
modulate the Indian monsoon. Initially the ENSO-monsoon relationship is
examined and then, the evolution of this relationship over time has been
studied. Finally, the extreme ENSO years are identified and how it could

affect the rainfall pattern over India is considered.



CHAPTER 2

REVIEW OF LITERATURE

2.1 INDIAN MONSOON — IMPORTANCE AND VARIABILITY

The southwest monsoon rainfall brings about 78% of the annual
rainfall over the country (Roxy and Chaitra 2018). The Indian summer
monsoon extends from 1 June to 30 September but exhibits year to year
variations (Xavier et al., 2007). At the time of northeast monsoon rainfall
from October to December, winds blow in the north east direction from the
Indian landmass to the Indian Ocean. The north Atlantic and extratropical
SST pattern along with central Pacific El Nifio influence the variability of

northeast monsoon rainfall (Nair et al., 2018).

Except for southeast India, the main rainy season for most parts
of the country is the southwest monsoon (Varikoden et al., 2013). The highest
amount of rainfall is received by the Western Ghats and northeast India
(Kishore et al., 2015). The Indian summer monsoon is a part of the Asian
monsoon and exhibits a wide range of variability. A significant part of this
variability is played by the active and break spells of monsoon which bring
about excess and reduced rainfall respectively (Rajeevan et al., 2010). The
interannual variability of the monsoon has a great impact on the Indian
economy as well as the agriculture sector which is a prominent contributor to

the GDP of the country (Rajeevan and Pai 2007).

Ocean warming has its impact on the monsoon variability. Arabian sea
warming reduces the monsoon precipitation over India except northeast,
south central and west India due to changes in convective precipitation but
the extreme rainfall events increase. The warming causes an increase in
rainfall at the time of onset and then the response reverses (Mishra et al.,
2020). The increased greenhouse gas concentration and the resultant global
warming has led to an increase in the frequency and intensity of extreme

rainfall events (Rajeevan et al., 2008).



The year 2017 brought extreme rainfall event to the country during the
southwest monsoon. The spread and frequency of the extremes were
particularly high over the central, southcentral, northwest and northeast
regions. The presence of convective cloud band and low-level cyclonic
disturbances were found in southcentral and central India. A weak La Nifia in
the east Pacific coupled with a positive IOD event in the Indian Ocean
favoured the occurrence of extreme rainfall event. The intensification of
ascending branch of zonal circulation over central India contributed to a

greater number of extremes events here (Suthinkumar et al., 2019).

A strong monsoon season has the features like lowered pressure
system, warm sea surface temperatures and higher precipitation to the west
of the South Pacific Convergence Zone (Meehl et al., 1986). The frequency
of extreme rainfall events shows an increasing trend over India during the
south west monsoon. This is true at the time of onset and active phase during

June and July respectively (Pattanaik and Rajeevan 2010).

Central and north India exhibit a reduction in the frequency of heavy
rainfall whereas peninsular India, eastern parts and north east India shows an
increase in the amount of rainfall. There is an increase in the number of wet
days for the desert regions of the country. The last two decades also witnessed
an increased possible risk of flood in eastern coast, West Bengal, east Uttar
Pradesh, Gujarat and Konkan coast (Guhathakurta ef al., 2011). Parts of east
India showed a reduction in seasonal rainfall during the period 1901 to 1958
due to the decreased frequency of low and medium intensity rainfall events

(Barde et al., 2020).

The 1.2 °C increase in SST over the west Indian ocean leads to a change
in the land- sea thermal gradient, altering the strength of monsoon circulation
patterns and the flow of moisture rich winds towards the South Asia.
Enhanced convection in the Indian ocean and subsidence over the landmass
resulted in reduced rainfall over central-east and northern regions of India
(Roxy et al., 2015). From 1950 to 2015 the central India experienced a 75%

increase in the extreme rainfall events even though the mean monsoon rainfall
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shows a declining trend. The westerlies transport the moisture from north
west Arabian sea which converge over the central India leading to widespread

rainfall (Roxy et al., 2017).

The Western Ghats region which lies parallel to the west coast receives
high amount of rainfall. An increase in the summer monsoon rainfall was
observed in the northern part of the Western Ghats and a reduction in the
south. This is due the enhanced rise of SST over north Arabian sea and the
north Indian tropospheric temperatures which has resulted in a shift of low-
level jet streams (LLJ) to the north from 10 °N to 15 °N (Varikoden et al.,
2019).

The amount of rainfall received and the variability associated with it is
high for northeast India. The extreme rainfall during the southwest monsoon
is caused by the high strength of the southerly component of the low-level
winds from Bay of Bengal along with convergence at 850 hPa which produce

an updraft (Varikoden et al., 2020).

The Indian monsoon is also influenced by the African orography and it
was found that the precipitation and low-level jet over India increase in the
absence of the African orography. The precipitation over Bay of Bengal
increases and hence advection enhances which causes an increase in rainfall.
However, if the mountains over the entire globe is removed precipitation
reduces and there is a delay in onset due to the intrusion of midlatitude dry

air in the absence of Himalayas (Chakraborty 2002).

A decreasing trend in the seasonal mean of summer monsoon is
observed over east India while it is increasing over the western parts of the
country. The rising low and moderate rainfall events over central, north and
northwest India is due the increased moisture transport over the Arabian sea.
On the other hand, east and north east India experience a reduction in the low
and moderate rainfall events due the decreased moisture transport over Bay

of Bengal (Konwar and Parekh 2012).



Aerosols can also influence the variability of rainfall over India
(Handler 1986; Gautham et al., 2009). During the pre-monsoon period
increased precipitation occurs in northern India and over the Tibetan Plateau
due to the black carbon aerosols and consequent weakened latitudinal SST
gradient. The reduced trend in summer monsoon precipitation over India is

likely to be the effect of these aerosols (Meehl ef al., 2008).

2.2 GLOBAL PHENOMENA AFFECTING MONSOON

The Indian Summer Monsoon Rainfall (ISMR) is affected by several
phenomena including ENSO, PDO (Pacific Decadal Oscillation), AMO
(Atlantic Meridional Oscillation), IOD, and others including Eurasian snow

cover, and total solar irradiance (Zheng et al., 2020).

A warm AMO phase is characterised by warm SST anomalies over
North Atlantic and cold SST anomalies over South Atlantic which causes
warm SST anomalies to be formed over the western Pacific. The trade winds
are weakened over the eastern Pacific and results in deepening of the
thermocline here. This reduces the ENSO variability and hence weakens the
ENSO south Asian monsoon relationship (Chen et al., 2010). The warm
AMO phase also causes a delay in the monsoon withdrawal and subsequently

an increase in the rainfall over India (Goswami et al., 2006).

The ocean- atmospheric coupled phenomenon that takes place in the
tropical Atlantic Ocean during boreal summer monsoon is termed as the
Atlantic Zonal Mode (AZM). An inverse relationship exists between AZM
and the Indian monsoon which means that a warm phase can weaken the
monsoon and vice versa. The inverse relationship was found to be
strengthened in the recent decades due to the increased interannual variability
of SST pattern over east Atlantic Ocean which causes a greater number of
AZM events. This further enhances the Kelvin wave response in the Indian
Ocean which leads to convergence/divergence of moisture over the Indian
landmass and results in the strengthening of inverse relationship (Sabeerali et

al,, 2019)



PDO has a significant role in the monsoon variability over India. The
dry monsoon of 1972, 1968, 1918 was the result when warm phase of ENSO
occurred in conjunction with then cold phase of PDO and the years 1988,
1942, 1933, 1916 witnessed wet monsoon when cold phase of ENSO
cooccurred with warm PDO (Krishnan and Sugi 2003). There exists a strong
out of phase relationship between the monsoon depressions over Bay of
Bengal and PDO. The warm phase of the PDO causes warming of the west
equatorial Indian Ocean and thereby cause weakening of the moisture
transport towards Bay of Bengal and therefore cause a reduction in the

monsoon depressions over Bay of Bengal (Vishnu et al., 2018).

An inverse relationship exists between Eurasian snow cover and the
Indian summer monsoon rainfall. A high winter snow cover of Eurasia can
decrease the summer rainfall of the following year (Vernekar ef al., 1995) and
this relationship was found to be valid only with the western Eurasia (Bamzai

and Shukla 1999).

ENSO and IOD are the two major drivers that can affect the inter annual
variability of the ISMR (Krishnaswamy et al., 2015). The intensity of IOD
and El Nifio and La Nifia events can influence the anomalies associated with
the summer monsoon rainfall (Ashok et al., 2001). The dipole mode in the
Indian Ocean accounts for about 12% of the SST variability and found to be
independent of the ENSO events. Indian Ocean Dipole is characterised by
abnormal low SST over the Sumatra region and high SST over western Indian
Ocean (Saji et al., 1999; Webster et al., 1999). Monsoon trough areas and
parts of west coast are the regions where IOD has its greatest impacts (Ashok

and Saji 2007).

A positive IOD event can lessen the influence of El Nifio and can lead
to normal rainfall in the Indian subcontinent whereas the co-occurrence of a
negative [OD with La Nifia leads to reduced rainfall (Ashok et al., 2004).
Under greenhouse warming condition there is a redistribution of rainfall over
the Indian Ocean and the relationship between IOD and Asian summer

monsoon rainfall is growing rapidly (Abram ef al., 2008). Ajayamohan and
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Rao (2009) suggested that the extreme rainfall events over central India is
related to the IOD events. The cool SST anomalies over the south equatorial

Indian Ocean is responsible for the extreme rainfall here.

The rainfall of central Indian region is generally normal during the IOD
years. In contrast the year 2008 witnessed a below normal rainfall despite of
a positive 10D event because of the strong warming over subtropical Indian
Ocean which created a positive IOD as well as warming over the tropical

Indian Ocean (Rao et al., 2010).

The relationship between ENSO and 10D shows a weakening trend in
the recent decades. This is attributed to the different spatial pattern created in
ENSO evolution at the time of boreal spring and summer seasons (Ham et al.,
2017). The dominant mode of the Indian Ocean shows uniform cooling or
warming of the SST which has a greater influence on the monsoon than the
Indian Ocean Dipole. The southern Indian Ocean SST has more impact on

the Asian summer monsoon than the northern part.

Anil et al., (2016) studied the different flavours of IOD and its relation
with summer monsoon rainfall pattern. During early 10D (EIOD) and
prolonged IOD years (PIOD) the sea surface temperature anomaly over
Arabian sea is positive and results in stronger evaporation and cross
equatorial flow. This causes increased monsoon rainfall over India. The
number of break days are also considerably less during this time. But normal

IOD years have comparatively more break days.

2.3 EL NINO SOUTHERN OSCILLATION

The natural variabilities in the world climate are largely influenced by
the tropical oceans due to the coupled ocean- atmospheric phenomena
generated here. El Nifio Southern Oscillation is one such typical phenomena
that develop in the tropical Pacific Ocean on an inter annual time scale

(Yamagata et al., 2004). The periodic warming and cooling caused by ENSO



largely influence the water cycle over the tropical region (Allan and Soden

2008).

El Nifo is characterized by warmer than normal SST over central and
east equatorial Pacific Ocean whereas La Nifa is marked by colder than
normal sea surface temperatures. Southern Oscillation is defined as the
fluctuation between this El Nifio and La Nifia events that complement each
other (Philander 1985). The Southern Oscillation is an important feature to be
taken into consideration since it can affect the seasonal rainfall over Indian
subcontinent. The large changes associated with the rainfall are related to
changes in the Southern Oscillation Index values (Pant and Parthasarathy

1981).

The El Nifio events are marked by a reduction in the rainfall over the
Indian subcontinent which is followed by the occurrence of droughts. The
changes in the zonal walker circulation during El Niflo cause anomalous
subsidence over the Indian landmass thereby supressing the monsoon
circulation (Ummenhofer ef al., 2011). El Nifio conditions were responsible
for drought conditions during ISMR and 72% of the drought years occurred
under the influence of Pacific Ocean. The entire west coastal belts, monsoon
zone and eastern regions were affected due the El Nifio related droughts. El
Nifio events are also conducive for severe droughts over Western Ghats
(Varikoden et al., 2015). The onset of monsoon over central India is affected
by the pre monsoon surface pressure anomalies over north Arabian Sea and
Western Asia which is a manifestation of ENSO and PDO. The negative
surface pressure anomaly over Western Asia results in an early onset over

central India (Chakraborty and Agrawal 2017).

From 1901-2012 the western Indian ocean had been experiencing an
anomalous rise in the SST compared to the central east Indian Ocean. The
irregularity in the ENSO teleconnection causes the El Nifio events to induce
this abnormal warming over the west Indian ocean but La Nifia does not show

the opposite impact (Roxy ef al., 2014).
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ENSO and IOD can have a great influence on the planetary waves in
Bay of Bengal. At the time of weak El Nifo, the second downwelling Kelvin
waves are weakened whereas these are strengthened during strong El Nifio
years (Sreenivas et al., 2012). A warm (cold) ENSO phase can increase
(decrease) the winter time precipitation over northwest India. Enhanced
western disturbances due to lower geopotential height and strong north

easterly flow were observed during warm ENSO phase (Dimri 2013).

Based on the SST anomaly over the equatorial Pacific Ocean, two types
of El Nifio events are identified warm pool El Nifio (WP) and cold tongue
(CT) EI Nifo. The large SST anomalies over Nifio 3 region results in CT El
Nifio while WP EI Nifio has large SST anomalies over Nifio 4 region (Kug et
al., 2009).

ENSO in the tropical Pacific is of two types- an eastern-Pacific (EP)
type and a central-Pacific (CP) type. The EP type of ENSO is found to have
its SST anomaly center located in the eastern equatorial Pacific and shows a
strong teleconnection with the tropical Indian Ocean. In contrast, the CP type
of ENSO has its SST anomalies confined in the central Pacific and has a
stronger teleconnection with the southern Indian Ocean (Kao and Yu 2009).
The CP type plays a great role in producing droughts over India (Fan ef al.,
2017).

The SST pattern of the EP El Niflo is greatly influenced by the
thermocline feedback while the CP El Niiio is affected by the zonal advection
near the edge of the warm pool (Capotondi ef al., 2015). The initial state of
the thermocline plays an important role in the development of EP and CP type
El Nifo. A thermocline which is deeper in the eastern Pacific but which is
shallower in the western Pacific favours El Nifio in the Nifio 142 area whereas
a shallow thermocline in the east and a deeper one in the west and central

pacific is conducive for a CP one (Capotondi and Sardeshmukh 2015).

The frequency of CP El Niio has increased compared to the EP type.
The CP events have doubled in the recent period after 1980 and the number

11



of events has rose to 9 in 30 years from the previous 3.5. On contrary the
number of EP events are relatively low at about 2 events in 30 years (Freund
et al., 2019). It is also important to note that the intensity of the CP EI Nifo
events had been increasing for the past three decades at the rate of 0.2 C per
decade. The EP events on the other hand exhibits a cooling trend (Lee and

McPhaden 2010).

The El Nifio events in which warming is concentrated over central
equatorial Pacific is capable of producing more droughts in India than the
ones caused by eastern Pacific El Nifio (Kumar ef al., 2006). The EP type of
El Nifo is found to have a strong positive relationship with the winter
precipitation of north and central India. Warm SST anomaly over the western
Indian Ocean during winter in response to the El Nifio cause the downward
motion of the Hadley cell over central India. This sinking motion results in
the enhancement and shift of subtropical westerly jet stream to north India.
The subtropical westerly jet stream causes barotropic and baroclinic
instability which intensifies the western disturbances and hence excess

precipitation occurs over north and central India (Yadav ef al., 2013)

In 2004 an El Nifio event occurred and was different from the
conventional one. This was marked by warming in the central Pacific flanked
by cold SST over the eastern and western Pacific. This phenomenon was
termed El Nifio Modoki which means a similar but a different thing. The
temperature and rainfall pattern of the world are affected by El Nifio Modoki.
A reversal of this phenomenon is called La Nifia Modoki characterised by
colder central Pacific SST and warmer SST on either side such as the one
happened in 1998 (Ashok et al., 2007). El Nifio Modoki exhibits different
climatic pattern compared to the canonical El Nifio due to the formation of

twin Walker circulation cells in the tropical Pacific (Weng et al., 2007).

During the winter monsoon of Indian subcontinent, the warm pool El
Niflo brings ambient amount of rainfall over the western Himalayas and the
north western parts of India but reduced rainfall over the foothills of

Himalayas and the central India (Dimri 2017). The summer monsoon rainfall
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has different characteristics during wet and dry years which may or may not
be related to ENSO. During normal El Nifio years which brought normal
rainfall to the country the rainfall anomaly was particularly high over in the
northern part of the west coastal regions and uniformly distributed over
central India. El Nifo drought years caused minimum rainfall over Indian

peninsula and north India (Varikoden and Preethi 2013).

An extreme El Nifio is defined as an event in which there is a massive
reorganization in the convection pattern and the Nifio 3 rainfall exceeds
Smm/day. It is also marked by an eastward extension of the warm pool and
the subsequent coverage of the entire equatorial Pacific Ocean. It is proposed

that in the climate change period, the frequency of extreme El Nifio events

doubles (Cai et al., 2014).

Marjani et al., (2019) argued that there is no increase in the number of
extreme ENSO events in the second half of the twenty first century under the
global warming scenario. The extreme El Nifio events show a decrease in

number while the extreme La Nifia events remain steady.

The ISMR variability is also linked to the different decay phases of El
Nifio. There is excess rainfall at the time of early decay phase, normal at the
time of mid-summer decay and deficit during no summer decay (Chowdary
etal.,2016). The break phase associated with monsoon are two to three times
more at the time of El Nifio developing phase summer and it lasts for 10 to
15 days. The opposite is true for El Nifio decay years (Pillai and Chowdary
2016).

The Indian monsoon variability can also influence the ENSO
conditions. A weak monsoon can enhance the warm event in the equatorial
Pacific Ocean through surface zonal wind stress anomalies but a strong
monsoon can reduce this warming. It is also worthy to note that the monsoon
variability cannot influence a cold event (Wu and Kirtman 2003). El Nifio can
affect the onset of Somali Jet by inducing a delay of 2 days compared to La

Nifia. The 1997 extreme El Nifio caused a very late onset of the Somali Jet
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and also a reduction in its strength. As a result, the rainfall over west coast of
India had reduced substantially. On the other hand, a greater strength of the

Somali Jet can bring about excess rainfall (Halpern and Woiceshyn 2001).

India witnessed a severe drought in the year 2009 with 29% reduction
in the June — September seasonal rainfall. The warming in the central Pacific
was responsible for this reduction in rainfall over the whole of the Indian
Ocean, Indian subcontinent and over the eastern Pacific. This El Nifio Modoki
condition caused a shift in the walker circulation and subsidence over Indian
landmass. Central Pacific and northwest Pacific experienced anomalously

high rainfall (Ratnam et al., 2010).

The inverse relationship between ENSO and Indian monsoon shows a
weakening trend in the recent decade after 1980°s. Surface warming over
Eurasia exceeds the Indian ocean warming and results in increased land-sea
thermal gradient which could bring about normal rainfall conditions over
India despite a strong El Nifio event. Another reason is thought to be the
south-eastward shift of the walker circulation which could reduce the
subsidence over India and usual rainfall pattern prevails here (Kumar et al.,
1999). Chang et al., (2001) reported that the weakening relationship is due to
the strengthening and poleward shift of the jet streams over North Atlantic.

However, the relationship between ENSO and northeast monsoon
rainfall over the southern peninsular India has increased. The rainfall of the
regions that lie in the windward side of Western Ghats shows greater
correlation with ENSO due to the enhancement of low-level circulation
during northeast monsoon which increases the orographic component of
rainfall (Zubair and Ropelewski 2006). Sarkal et al., (2004) argues that the
relationship between monsoon rainfall and ENSO has increased recently. The
effect of ENSO is felt only when the bipolarity in the Indian Ocean is low but
the recent years had witnessed a strong and consistent bipolarity. This has
caused an increased local dynamics and circulation patterns which has

nullified the effect of ENSO on rainfall over India.
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The changes in the north Pacific SST also plays an important role in the
weakening of the ENSO-monsoon relationship. This leads to changes in the
atmospheric circulation over east Asia and western Pacific (Kinter III ef al.,
2002). The recent period also witnessed a change in the mean state of the
wind flow over north western Pacific which showed a cyclonic intensification
at the same time. This weakens the anticyclonic flow south east of Japan.
Also, the cross-equatorial circulation in the tropical Indian Ocean has
strengthened due to decadal variability of the Mascarene High. These have
also resulted in the weakening of the teleconnection between ENSO and

monsoon (Feba ef al., 2019).

Before 1970s the relationship between rainfall and ENSO was strong
in central and northwest India during the late summer season but weakened
later. Northeast India exhibited a strong relationship in the early summer after

1970 (Kawamura 2005).

Twenty first century witnessed its first El Nifio in the year 2001/2002.
Though the event was moderate Indonesia, northern and eastern Australia,
and north eastern South America experienced drier than normal conditions
and wetter than normal conditions prevailed over central equatorial Pacific.
The Indian summer monsoon rainfall was reduced drastically during the
summer of 2002 (McPhaden 2004). Increased frequency of high temperature
extremes is observed at the time of monsoon and post monsoon season in
response to El Nifio while this frequency is comparatively lower in the pre
monsoon season. The opposite is true for La Nifia condition (Revadekar et

al., 2009).

The frequency of extreme La Nifia events are projected to increase
further under greenhouse warming conditions. The increased frequency of
extreme El Nifio along with rising upper ocean vertical temperature gradient
and warming of the maritime continent are favourable for extreme La Nifia
events to occur repeatedly (Cai et al., 2015). The 2015/2016 was among the

strongest El Nifio events dating back to 1950. It was characterised by warmer
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west-central Pacific surface and subsurface temperature anomalies but for the

eastern Pacific, it was comparatively warmer (L’Heureux et al., 2017)

Though El Nifio was extreme in 1997/1998 and 2015/2016, the events
were different from each other. The former one was EP (Eastern Pacific) type
while the latter included both EP and CP (Central Pacific) (Paek et al., 2017).
It is worthy to note that this difference in the SST anomalies for the two was
the reason for a strong positive IOD event which cooccurred with the
1997/1998 extreme El Nifio but the positive IOD was weak at the time of
2015/2016 extreme El Nifio. There were two walker cells for the 1997 event
in which one ascending branch was over the east equatorial Pacific and the
other over western tropical Indian Ocean. On the other hand, the 2015 event
rising branch was over the central tropical Pacific (Liu ef al., 2017). The
atmospheric component of the IOD is referred as the Equatorial Indian Ocean
Oscillation (EQUINOQ) which can influence the summer monsoon rainfall
anomalies by enhancement (suppression) of atmospheric convection over the
western (eastern) Indian ocean (Gadgil ef al., 2004). Extreme IOD can
influence the onset of El Nifio through the east west Walker circulation. It can
have impact on El Nifio onset predictability and can lead to the formation of
El Nifio Modoki in certain years such as the happened in 1994 (Luo et al.,
2010).

The relation between monsoon rainfall and IOD exists in the summer
and autumn season but with that of ENSO extends for a long period of time
and is stronger (Cherchi and Navarra 2013). A normal or high rainfall is
expected during the summer monsoon season even though there exists an El
Niflo event because of the presence of negative zonal wind anomalies over
the equatorial Indian Ocean (Thara et al., 2007). The northeast monsoon which
is the main rainfall season for Tamil Nadu is found to have a positive
correlation with El Nifio. The moisture transport and precipitation are
strengthened at the time of northeast monsoon during El Nifio years. The

opposite also holds true (Geethalakshmi ez al., 2009).
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In 1982 and 1987 the monsoon rainfall was deficient in the country due
to the impact of strong El Nifio and the subsequent modification of the Walker
circulation. But in 1997 when an intense El Nifio happened there was above
normal rainfall due to the fact that the change in the Walker circulation
produced a modification of the local Hadley circulation over Indian Ocean
and the Maritime continent and the tropical convergence zone was located to

the north over Asian summer monsoon domain (Slingo and Annamalai 2000).

The westerly wind events (WWE) have the capability to trigger a strong
El Nifio event in the tropical Pacific Ocean. This results in the propagation of
a downwelling kelvin wave to the east Pacific which creates SST anomalies
in the central and east Pacific and causes the initial warming. Hence the east-
west thermal gradient is decreased and weakens the trade winds and also the
equatorial upwelling. These can increase the initial SST anomaly (Lengaigne

et al., 2004).

The 2015 extreme El Nino produced intense north east monsoon
rainfall. The contrasting SST gradient between western Indian Ocean and
western Pacific Ocean caused strong north easterly wind anomalies which
carry moisture sufficient for an intense northeast monsoon rainfall (Singh et
al., 2019). Also, the 2015 El Nifio brought heavy rainfall over southeast
peninsular India at the time of north east monsoon rainfall. The major cause
of this was the presence of strong easterly wave over southeast peninsular

India (Sanap et al., 2019).

2.4 IMPACTS OF ENSO

ENSO can cause interannual temperature and precipitation changes
world-wide which in turn affect the energy and water use, ecosystem
dynamics and human health (Cobb et al., 2013). The extreme El Nifio event
of 2015/2016 has critically affected the population of the endangered
leatherback turtles residing in the east Pacific region by declining their
reproductive rate by 19% (Tomillo et al., 2020). The distribution of anchovy

fish population has become more coastal instead of being widely distributed
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over the entire Peruvian coast (Niquen and Bouchon 2004). The variabilities
related to the frequency of extreme rainfall at the time of northeast monsoon
is strongly influenced by El Nifio Southern Oscillation events and the onset
of El Nifio is followed by an increase in the number of extreme event

(Revadekar and Kulkarni 2008).

The impacts caused by ENSO include disruption of the global
circulation patterns, drought, flood, extreme weather events and marine
ecosystem disturbance (McPhaden 2015). La Nina can have impact on
African rainfall. The most consistent relationship is with the southwest
African rainfall with a general increase in the rainfall in the initial few months
post La Nifia (Nicholson and Selato 2000). El Nifio causes a decrease in the
primary production of organic material due to the reduction in the amount of
nutrients which are transported to the surface and disrupts the food chain. This
in turn decreases the growth and reproductive success of zooplanktons, fishes,

birds, marine mammals (Barber et al., 1983).

The 1982/1983 extreme El Nifio caused a deterioration of coral reefs in
the Java sea. The increased SST from the warming resulted in the bleaching
of corals (Brown 1990). Due to the increased warming of the tropical Indian
Ocean and higher number of extreme El Nifio events the Indian subcontinent
is likely to experience higher number of heat waves in the future (Rohini

2016).
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CHAPTER 3
MATERIALS AND METHODS
The following datasets were used for the analysis:

IMD monthly and daily gridded rainfall data with a resolution of
0.25°%x°0.25 lat./long were used for the analysis (Pai et al., 2015).

The SST data used is the Hadley Centre Sea Ice and Sea Surface
Temperature data set (HadISST) obtained from the Met Office Hadley Centre
observations datasets. It contains monthly global gridded SST and sea ice

concentration dataset from 1871 onwards on a 1degree latitude-longitude grid

(Rayner et al., 2003).

Monthly vertical velocity values are obtained from NCEP/NCAR
Reanalysis Version 1. It has a spatial coverage of 2.5-degree x 2.5-degree
global grids. The data is available from 1948 to 2020 (Kalnay et al., 1996).
NOAA-CIRES-DOE Twentieth Century Reanalysis (V3) is used for
retrieving the past data which has monthly vertical velocity values from 1836
to 2015. It has got a spatial coverage of 1.0-degree latitude x 1.0-degree
longitude global grid. Both the data were merged to obtain monthly values of

the study period from 1901 to 2018.

Monthly geopotential values as well as monthly values of u-wind and
v-wind pressure levels were obtained from NOAA-CIRES-DOE Twentieth
Century Reanalysis (V3) which has got a resolution of 1.0-degree latitude x
1.0-degree longitude global grid. The data is available from 1836 to 2015.

Nino 3.4 Index was used to isolate the El Nifio and La Nifa years. Nifio
3.4 covers the region (5 ° N-5° S, 170 ° W-120 * W). The Nifio 3.4 anomalies
represents the average equatorial SSTs across the Pacific from about the
dateline to the South American coast. The Nifio 3.4 index is calculated by
using a 5-month running mean, and El Nifio or La Nifia events are defined

when the Nifio 3.4 SSTs exceed +/- 0.4C for a period of six months or more
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(climate prediction centre, NOAA). SST anomaly during the southwest
monsoon season (June to September) is used to calculate the index for a

period of 118 years from 1901 to 2018.
METHODS

Timeseries Analysis

In a timeseries a set of observations or datapoints are taken at the
specified time. On the X axis we have the time which is divided into equal
intervals and on the Y axis is the magnitude of the data. Timeseries
forecasting could be used to predict the future values based on the past
observed values. Timeseries analysis is carried out by the detrended SST

anomaly of Nino 3.4 and rainfall anomaly to study their evolution with time.

Correlation Analysis

Correlation analysis is a statistical method which explains the strength
of relationship between two variables or it can be said as the measurement of
similarity between two signals. A strong correlation indicates close
association between the variables and a low correlation indicates weak
association. Correlation coefficient represents the numerical measurement of
this strength and the value lies between -1 and 1. A negative correlation shows
inverse relationship between the variables and a positive correlation means
that as one variable increases the other also increases. 0 correlation coefficient
implies that there is no correlation between the variables. Correlation analysis
is carried out between summer monsoon rainfall anomaly and SST anomaly
of the Nino 3.4 region during JJAS (June, July, August, September) for 118

years from 1901 to 2018 to analyse the relationship between them.

The equation of the correlation function is given by:

_ Ix-D0i-)
VX0 = 022 (y; — )2

Txy
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Where:

Tyy — the correlation coefficient of the linear relationship between the
variables x and y

x; — the values of the x variable in a sample
X - the mean of the values of the x variable
y; — the values of the y variable in a sample
y - the mean of the values of the y variable

Cross Correlation

Cross correlation represents measurement of similarity between two
different signals or series. Here the similarity is measured between a signal
and shifted version of another signal. Consider two series x(1) and y(i) where

1=0,1,2...N-1. The cross-correlation r at delay d is defined as

= 2il(x(D)-mx)*(y(i—-d)-my)]
VZilx(D)-mx)2¥i(y(i—-d)—my)?

Where:

mx and my are the means of the corresponding series

Empirical Orthogonal Function (EOF) Analysis

EOF analysis is used to study the pattern or spatial mode of variability
and how it evolves over time. It is also known as the principal component
analysis. In EOF a field is divided into mathematically orthogonal modes
which represent atmospheric and oceanographic modes. The EOFs are found
by computing the eigenvalues and eigenvectors of a spatially weighted
anomaly covariance matrix of a field. Generally, the spatial weights are the
cos(latitude) or, better for EOF analysis, the square root(cos(latitude)). The
derived eigenvalues provide a measure of the percent variance explained by
each mode. The time series of each mode obtained from principle components

are determined by projecting the derived eigenvectors onto the spatially

21



weighted anomalies. This results in the amplitude of each mode over the

period of record.

EOF patterns can reveal underlying teleconnections that simple
correlations cannot reveal. EOF analysis is carried out for ISMR for the
period 1901 to 2018 to detect the major causes of monsoon variability. From

the analysis a major cause and a minor cause of variability will be obtained.

Wavelet Analysis

The variation of power within a timeseries can be analysed using
wavelet analysis. In this method, the timeseries is decomposed into time
frequency space and one could interpret the dominant mode of variability and
how those modes vary in time. Wavelet analysis is useful in the study of the
variations in the frequency of occurrence and amplitude of ENSO events

(Torrence and Compo 1998).

A continuous wavelet transform is given by:

W, (S) = E X Ewo : [@]
n'=0

Where:
Xn is a time series with equal time spacing 6t and n=0.... N-1
(*) indicates the complex conjugate

Wavelet analysis is carried out for north, central and south India rainfall

from 1901 to 2018. From the corresponding time series, it is possible to find
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the periodicity associated with each, whether it is a year to year, decadal or

multi-decadal variability.

Power Spectrum

Power spectrum gives an idea of how the intensity of a time varying
signal is distributed in the frequency domain or how much of a signal is at

frequency w. For a given power spectral density S, the bandlimited power

spectrum is given by:

w2

% j S(w)dw

wq

Power spectrum analysis is carried out for north, central and south
India rainfall from 1901 to 2018. Power spectrum is a continuity of the
wavelet analysis wherein one is able to find the timescale corresponding to

the periodicity of rainfall variability.

Composite Analysis

Composite analysis involves the study of the basic structural
characteristics of a climatic phenomenon. This is useful in understanding the
impacts of teleconnections caused by large scale processes such as ENSO.
The large number of cases of a given phenomenon is collected and is
standardised which are composited together as a function. Composite analysis

involves computing the composite mean.
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CHAPTER 4

RESULTS AND DISCUSSION

For the study on the influence of extreme ENSO events on Indian
monsoon, initially the ENSO-monsoon relationship was investigated.
Secondly the evolution of ENSO-monsoon relationship was taken into
consideration. Finally, the impact of extreme ENSO events on southwest
monsoon rainfall was studied. The following sections are arranged

accordingly.
4.1 ENSO-MONSOON RELATIONSHIP

It has been observed that there is a strong inverse association between
ENSO and Indian summer monsoon rainfall (ISMR). Warm ENSO like
condition is observed to be related to reduced ISMR and drought in the Indian
subcontinent. In this chapter, we try to summarize the observed relationship

between ENSO and Monsoon.
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Figure 1. Correlation between ISMR and Nifio 3.4 SST (JJAS

monthly anomaly)
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The relationship between ENSO and ISMR is studied from the

timeseries plot (Figure 1) of the seasonal mean anomaly of summer monsoon

rainfall and the SST(JJAS) over Niiio 3.4 region (5°S—5°N, 170°W—-120°W)

during 1901 to 2018. A significant negative correlation (r=-0.56) between

Nifio3.4 and ISMR is observed. The correlation between DJF (December,
January, February) Nifio 3.4 SST and ISMR is found out to be 0.0536.
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Figure2. (a) Average SST of the global oceans in °C (b) SST of the
global oceans correlated with ISMR (JJAS monthly anomaly)

Figure 2(a) shows the average SST of the global oceans during JJAS
from 1901 to 2018. Temperature is indicated in °C. Temperatures greater than
20°C are found in most of the world oceans. Warmest SST is observed in the
western Pacific and Indian ocean during JJAS greater than >28 ° C. This high
SST is favorable for deep convection and is the main source of south Asian

Summer monsoon.

Figure 2(b) gives the monthly anomaly of SST(JJAS) of the global
oceans correlated with the summer monsoon rainfall of India for the period

1901 to 2018. From the figure a strong negative correlation is observed over
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the east and central parts of the equatorial Pacific which is similar to the

canonical ENSO SST pattern.
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Figure 3. (a) The average of ISMR from 1901 to 2018 (b) The spatial

distribution of rainfall correlated with the ENSO conditions

Figure 3(a). represents the average rainfall over India during JJAS from
1901 to 2018. The regions of Western Ghats, east India, northeast India and
foothills of Himalayas are bestowed with sufficient amount of rainfall
whereas south India and northwest India have reduced rainfall. Figure 3(b)
shows the spatial correlation of Nifio 3.4 SST(JJAS) anomaly with Indian
summer monsoon rainfall anomaly (1901-2018). Overall, there is a negative
correlation for most parts of India except for the Western Ghats, east India
and the northeast India. Correlation coefficient with values ranging from -
0.2 to -0.6 is found in south, central and parts of North India which is

statistically significant at the 95% confidence level.
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Pressure[hPa]

The Hadley cells extend from 0° to 30° latitude north and south. At the
equator the air is warm and it rises. This warm air cools as it ascends and
sinks at 30° latitude. The Hadley circulation shifts northward along with the
Inter Tropical Convergence Zone (ITCZ) during boreal summer months in
JJAS. Studies have shown that ENSO affects the Hadley circulation. During
El Nifo years the anomalously warm water generates stronger ascending
motion of air and the descending branch would be more concentrated towards
the equator. Thus El Nifio leads to stronger and narrower Hadley circulation
but La Nifia causes weaker and widened circulation (Y. Hu ef al., 2018). The
shrinkage is associated with the equatorward movement of Hadley

circulation eddies during El Nifio years compared to normal years (Guo and

Li 2016).
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Figure 4. (a) Hadley circulation (JJAS) from 1901 to 2018 .Negative
omega (Pa sl) represents upward vertical velocity (b) correlation with

JJAS monthly mean anomaly of : Nifio 3.4 SST

Figure 4(a). shows the average vertical velocity for the zonal mean of
latitude 20°S to 40°N for the period 1901 to 2018 during JJAS. The ascending
branch of the Hadley cell is confined over 5°N to 22°N which indicates
upward motion. Figure 4(b). gives the correlation between Nifio 3.4 region

and vertical velocity (omega) for the zonal mean of latitude 20°S to 40°N. A
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strong positive correlation is observed at 20°N to 25°N. This means that the
good ISMR is accompanied by the extension of the ascending branch of the
Hadley cell to further north. There is anomalous ascending motion over the
equatorial region and anomalous subsidence over 20° N to 30° N. So here we
can see that with the effect of Nino 3.4 SST, subsidence has occurred over the
Indian landmass particularly over the northern parts which had ascending

motion otherwise.

Under normal conditions as the trade winds move from east equatorial
Pacific to the west warm water is carried along with them. This warm water
piles up over west and the warm air rises up. After reaching certain level the
air cools and descends over the east, thus completing the walker circulation.

But under El Nifio conditions there is a shift in the walker circulation.
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Figure 5. (a)Walker circulation (JJAS) from 1901 to 2018 (b)

correlation with JJAS monthly mean anomaly of Nifio 3.4 SST

Figure 5(a). shows the average vertical velocity for the meridional mean
of the entire longitude from 1901 to 2018 during JJAS. There is ascending
motion over eastern Indian Ocean. Figure 5(b). shows the correlation between
Nifio 3.4 SST monthly anomaly and the meridional mean for the entire

longitude. Negative correlation can be observed at 200°E to 260°E longitude.
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This implies an upward motion at eastern Pacific Ocean which resembles El

Nifo condition. Also, there is subsidence over eastern Indian Ocean.

This chapter signifies the relationship between ENSO and the Indian
Summer Monsoon Rainfall. It was analysed through the correlation analysis
between the JJAS monthly mean anomaly of rainfall and Nifio 3.4 SST. The
regions which are affected by the ENSO teleconnections were identified. The
changes to Hadley and Walker circulations under ENSO conditions were also

examined.
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4.2 EVOLUTION OF ENSO-MONSOON RELATIONSHIP
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Figure 6. 30 year running correlation of the relationship between

rainfall and Nino 3.4 SST anomaly during JJAS from 1901- 2018

The figure represents the 30-year running correlation of ENSO-
monsoon relationship for the period 1901 to 2018. The correlation coefficient
ranges from -0.40 to -0.70. From 1901 the correlation started rising and
became stable for the period 1940 to 1980 with a very strong negative
correlation between the values -0.6 to -0.7. Then after 1980, the correlation
began to decrease. From the plot it can be observed that the ENSO-monsoon
connection is not the same for the entire period monitored. A clear change
can be demarcated from the figure wherein the initial period from 1901 to
1940 shows an increase in the association which became steady in the middle
period from 1940 to 2018. In the recent period from 1980 to 2018 the

relationship started declining from a coefficient value of -0.6 to -0.4.
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Figure 7. Spatial map of correlation between rainfall and Nino 3.4

SST anomaly for different periods

The figure shows the spatial map of the correlation between anomalies
of summer monsoon rainfall and SST of the Nino 3.4 region (JJAS) for
different epochs. It was observed that the ENSO-monsoon relationship varies
over time. Now it can be noted that this interrelationship varies spatially also.
From 1901 to 1940 the relationship was prominent over south India, parts of
west and north India. In the middle period there has been a rise in the
correlation covering almost the entire parts of India. But there is a drastic
reduction in the correlation after 1980 in which only south and north India
exhibits the association. Central India and Western Ghats are devoid of a
negative interrelationship and a weak positive correlation can also be
observed. Comparing all the three it can be said that the ENSO-monsoon
relationship for south India is stable for all the three periods, for central India
it 1s decreasing in the recent period and for north India there is a gradual

increase in the relationship from 1901 to 2018.
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Figure 8. The variability (standard deviation) in the correlation

between ISMR and running correlation Nifio3.4 time series

The plot shows the spatial map of running correlation with standard
deviation. A 30-year running correlation is carried out between rainfall at
each grid points in the Indian region and Nino 3.4 SST (JJAS monthly
anomaly) from 1901-2018 to distinctly point out the regions of variability.
The standard deviation of the running correlation denotes the variability in

correlation over time. Regions were identified where the correlation is most
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variable or comparatively less variable in time and three boxes were selected.
The three boxes A (71°E, 84 °E, 27 ° N, 31 °N), B (72 °E, 89 °E, 21 °N, 26 °N),
C (73 °E, 81 °E, 13 °N, 19 °N) corresponding to north, central and south India
represent moderate, largely variable and low correlation respectively with the
Nifio3.4 time series. We observe low variation in correlation at the southern
peninsula. The moderate variation in correlation was observed in the North

Indian region. The greatest variation is observed at the Central Indian region

box.
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Figure 9. shows the 30-year running correlation between the mean

rainfall at the three boxes (north, central and south) and Nifio3.4 SST

South India shows a more consistent relationship with the Nifio3.4 time
series over the last century. Therefore, the running correlation has not varied

much over this region (the correlation value varies between -0.3 to -0.6). The
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correlation between north India and Nino3.4 time series is observed to be
increased (from - 0.4 to -0.7). Central India shows the most variable relation
with Nino 3.4 SST. From 1901 to 1940 the correlation between rainfall at
central India and Nifio3.4 was weak (approximately -0.3 to -0.5). During the
period 1940 to 1980, strong correlation was observed (approximately -0.5 to
-0.6). Again, during the recent period (1980 to present), the correlation with

Nifio3.4 has become weak (approximately between -0.1 to -0.3).

It can be seen that the correlation changes significantly for north, central
and south India after 1980. Before 1980 the correlation varied similarly at all
3 boxes. For north India the correlation becomes more negative after 1980
and it becomes stronger. Central India shows very less correlation in the
recent years. South India shows a stable negative correlation ranging between
-0.3 to -0.6 for the entire period. This figure is a representation of how the
ENSO-monsoon relationship has varied for three different regions at different

periods of time.
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Figure 10. EOF of rainfall normalised at each grid point

Figure 3 shows the EOF of ISMR from 1901 to 2018. To isolate the
dominant mode of spatial variability pattern and to find the major drivers of
ISMR variability EOF analysis was carried out. The 1% mode shows positive
rainfall anomalies over India mainly in the central and western parts. The 1%
mode explains 16% of the total variance. The timeseries corresponding to the
first mode 1s named as principle component 1 (PC1). A dipole pattern is seen
in the 2" mode of EOF in which positive rainfall anomalies are present in
Gangetic plains and negative anomalies are seen in south India. Positive
correlation is seen in east India whereas negative correlation is observed over
south India. EOF2 explains 7% of the total variance. PC2 which indicates the

second mode of EOF shows a decreasing trend. This means that the positive
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and negative rainfall anomaly pattern over Gangetic plains and southern

peninsula is reducing respectively. Similar EOF analysis to identify ISMR

drivers were also identified by Mishra et al., (2012).
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Figure 11. Correlation of global SST with a) PC1 and b) PC2

The global SST anomaly is correlated with principle component 1 and

2. PC1 shows a negative correlation with SST over Nino 3.4 region. This

means that the positive rainfall anomalies over India in the EOF 1 mode is

associated with the negative SST anomalies over the Nino 3.4 region. Hence,

we can confirm ENSO as the cause for the first mode of variability. When

global SST was correlated with PC2, a negative correlation can be seen over

Arabian sea, Bay of Bengal and South China sea. So, the positive rainfall

anomalies over the Gangetic plains and negative anomalies over the southern

peninsula is related to the negative SST anomalies over Arabian sea, Bay of

Bengal and South China sea.
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Figure 12. Correlation of a) PC1 and b) PC2 with wind and
geopotential height

The figure 5a. gives the correlation between PC1 with wind at 700 hPa
and 850 hPa geopotential height. South westerly winds are prevalent over
India conducive for heavy rainfall. Also, negative geopotential values
indicating a low-pressure region are seen over the Indian subcontinent. These
indicate that higher rainfall anomalies are present in India in the PC1 mode
which underscores the previous analysis. In figure 5b. westerly winds are
present which carry moisture from the Arabian sea to the Bay of Bengal
favourable for the formation of depressions. Negative geopotential values are
seen over the monsoon trough region indicating greater rainfall. The strength
of the monsoon trough is dependent on the frequency of depressions over Bay
of Bengal. So, it can be said that EOF2, the second major driver corresponds

to monsoon trough/ depressions.
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Figure 13. Correlation of a) PC1 and b) PC2 with omega and
geopotential height

Figure 6a. shows the correlation of PC1 with wind at 700 hPa and
omega at 500 hPa. Negative omega values which indicate ascending motion
can be noticed over India. Figure 6b. represents correlation of PC2 with wind
at 700 hPa and omega at 500 hPa. Low omega values can be seen over the
monsoon trough region and high values over south India which corresponds

to high and low rainfall anomalies respectively.
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Figure 14. correlation of vertical velocity for the zonal mean of the

entire longitude from 1901 to 2018 during JJAS with a) PC1 and b) PC2

respectively

Figure 14. shows the correlation of vertical velocity for the zonal mean

of latitude 20°S to 40°N for the period 1901 to 2018 during JJAS with a) PC1

and b) PC2 respectively. Figure 14a. shows subsidence at equatorial region

with positive omega values.

Figure 14b. shows convergence over the

monsoon trough region (20 ° N to 25 ° N) with negative omega values.
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Figure 15. correlation of vertical velocity for the meridional mean
of the entire longitude from 1901 to 2018 during JJAS with a) PC1 and
b) PC2 respectively

For Figure 15a. there is positive correlation at 240 to 300-degree
longitude which indicates subsidence and on the western Pacific there is
upward motion with negative omega values. Figure 15b. shows positive

omega values over eastern Indian Ocean indicating subsidence.
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Figure 16. Lead lag correlation between PC2 and Nino 3.4 SST
(PC2 lags Nino 3.4 SST)

The figure represents the lead lag correlation between PC2 and Nino
3.4 SST. Here X axis denotes the lag/lead in years and Y axis denotes the
correlation coefficient. There is maximum correlation at 1 which indicates
that the PC2 lags Nino 3.4 SST by 1 year. The rainfall anomalies over the
Gangetic plains and south India shows a lagged response to ENSO. At the
time of El Nifio there is increased net solar radiation and reduced air sea fluxes
as well as latent and sensible heat which induce warming of the Indian Ocean
and the positive SST anomalies can sustain till the following JJAS (Mishra et
al., 2012).
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Figure 17. Trend in ISMR and SST (JJAS)

The figure shows the trend in relative SST (difference between global
SST and tropical mean SST), ISMR and the circulation pattern which is the
difference in wind (recent — earlier) between 1901 to 1957 and 1958 to 2015.
Positive SST anomalies in the western Indian Ocean denotes enhanced
warming which reduces the south westerly winds and the prominence of
anomalous easterly winds which reduce mid tropospheric moisture transport
from Arabian Sea. This leads to a reduction in the number of monsoon
depressions and consequently the weakening of monsoon trough which can
be observed from the negative rainfall anomalies over the monsoon trough

region. This is consistent with the analysis carried out by Vishnu et al., (2016)
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who found a decreasing trend in the number of monsoon depressions over

Bay of Bengal due to the lessening of mid tropospheric humidity.
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Figure 18. 30 year running correlation of a) south India rainfall
with Nino 3.4 SST and Monsoon trough/depressions b) central India
rainfall with Nino 3.4 SST and Monsoon trough/depressions ¢) north

India rainfall with Nino 3.4 SST and Monsoon trough/depressions

The figure shows the 30-year running correlation carried out for each
box with the two major drivers identified: negative Nino 3.4 SST (which
denotes variability due to ENSO) and monsoon trough/depressions. In the
first case, for south India (figure 11a) the influence of both the factors are
dominant which means that south India rainfall is dependent on ENSO
variability as well as monsoon trough/depressions. In figure 11b. for central
India, the contribution by ENSO and monsoon trough/depressions are
increasing up to 1980 and then the contribution by ENSO started declining
drastically. But the influence of monsoon trough and depressions remained
powerful. For north India (figure 11c¢) the influence of ENSO is increasing
and has become stronger in the recent period while the impact of monsoon

trough/depression is decreasing.

43




30yr Running-Correlation

0.4

0.2

0.0

-0.4

1 1
I I
[} 1
I : |
e | I e/
= \/\ /\\ : | A j/\/’\/‘;’ \
f | \ | v\, \ J
\ | S| )
VA~ | [ L
. L WP v\/f | — ISMR and NINO3.4
i / o i ISMR and MT/MD
: ! MT/MD and NINO3.4
! !
1 1
1 1
[} [}
| |
' |
1 1
I [}
| & |
1920 1940 1960 1980 2000

Year

Figure 19. Running correlation of ISMR with Nino 3.4 and
monsoon trough/depressions and monsoon trough/depression with Nino

3.4

From the figure it can be seen that in the middle period from 1940 to
1980 the correlation of ISMR with Nino 3.4 as well as monsoon
trough/depression has increased. It is also worthy to note that ISMR and
monsoon trough/depression exhibits slightly negative correlation from 1940
to 2018. This means that the two major drivers are not fully independent but

there is some connection between the two.
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Figure 20. Power spectrum and wavelet analysis of Nino 3.4 SST
and PC2

The periodicity present in the timeseries and the corresponding
timescale can be identified from the power spectrum and wavelet analysis
respectively. The 2-7 years periodicity associated with ENSO can be seen in
the power spectrum of Nino 3.4 SST. A decadal variability is also visible for
it. The wavelet analysis of Nino 3.4 SST shows that 2-8-year periodicity is
more prominent after 1960. For PC2 the power spectrum shows both 2-7
years periodicity and a decadal variability which is more prominent here. In
the wavelet analysis it can be seen that 2-4 years variability is seen in the year

1960 and a decadal variability is seen after 1980.
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Figure 21. Power spectrum and wavelet analysis for north, central

and south India

In order to identify the frequency present in each of the timeseries of
north, central and south India box the power spectrum is drawn and to identify
the time scale in which these frequencies are present, wavelet analysis is
carried out. For South India 2 to § years periodicity signals are prominent in
years up to 1920 and then from 1980 to 2000 which is similar to that of Nino
3.4 SST. A decadal variability is also seen for south India which means that
there is a connection with PC2 also. Central India shows frequency signal
between 2 to 4 years during 1910 to 1920 and 1960 to 1980. The power

spectrum of central India resembles that of PC2. For north India up to 8 years
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of periodicity signal peaks can be seen during the years 1910 to 1930.
Comparing it with the power spectrum and wavelet analysis of Nino 3.4 and
PC2 it is seen that north India rainfall is dependent on Nino 3.4 SST and not
on PC2 because it does not exhibit decadal variability. The frequency of
events is quite stable and high for south India. For central India the frequency
is comparatively lower than that of north India. It is clear from this analysis
that South India shows relation with both ENSO and monsoon
trough/depressions, central India exhibits relation with only monsoon

trough/depressions and north India has its relation with ENSO only.
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4.3 INDIAN MONSOON AND EXTREME ENSO
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Figure 22. Nino 3.4 SST anomaly during JJAS for the period 1901
to 2018

The Nino 3.4 SST anomaly is standardized and plotted as timeseries.
Moderate El Nifio years are selected which cross 1 standard deviation and
which is less than 2 standard deviation (1905, 1914, 1919, 1930, 1941, 1951,
1957, 1963, 1965, 1972, 1982, 2002, 2009). The anomaly values which cross
2 standard deviation correspond to very strong El Nifio years (1902, 1987,
1997, 2015). Similarly moderate La Nifia years are chosen which is greater
than -1 and less than 2 standard deviation (1909, 1910, 1916, 1924, 1933,
1938, 1942, 1945, 1950, 1954, 1955, 1956, 1964, 1970, 1971, 1973, 1975,
1998, 1999, 2010). Very strong La Nifia years are selected which cross -2
standard deviation (1988). It can be seen that the frequency of very strong El
Nino and La Nina events is comparatively more after 1980 than in the early
years. Hence it is important to study the effects caused by very strong ENSO

on the monsoon rainfall of India.
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Figure 23. Composite of rainfall anomaly during very strong El

Nifio, moderate El Niiio and the difference between the two

The figure 23 shows the composite of rainfall anomaly during very
strong El Niflo, moderate El Nifio and their difference, which is calculated to
see what are the additional changes that took place in a very strong El Nifio.
At the time of very strong El Nifio, the regions with negative rainfall
anomalies are south, central India, north India and Western Ghats region.
Central India and north east India experienced positive rainfall anomalies.
Moderate El Nifio showed negative rainfall anomalies for almost all parts of
India. While moderate El Nino led to a reduction of rainfall for almost the
entire Indian subcontinent, very strong El Nino had its impacts especially on
parts of south-central India. Higher than normal rainfall is present in central

India at the time of very strong El Nino.
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Figure 24. Composite of SST during very strong El Nifio, normal El

Nifo and their difference

The figure 24 shows the composite of global SST during very strong El

Nifo, moderate El Nifio and their difference. Positive SST anomalies are seen

in eastern Pacific and Indian Ocean during very strong El Nino. During

moderate El Nifio positive SST anomalies are present only in eastern Pacific.

At the time of very strong El Nino, there is warming of both eastern pacific

and Indian Ocean but there is warming of only eastern Pacific during

moderate El Nino years.
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Figure 25. Hadley circulation during very strong El Nifio, moderate

El Niifio and their difference
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The figure 25. shows Hadley circulation during very strong El Nino,

moderate El Nino events and the difference between them. During very strong

El Nifio years there is anomalous subsidence over the Indian subcontinent

with positive omega values and hence a reduction in the rainfall. Moderate El

Niflo years show anomalous subsidence over north India.
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Figure 26. Walker circulation during very strong El Nifio normal

El Niiio and their difference

The figure 26. represents Walker circulation during very strong El Nino,

normal El Nino and their difference. During very strong El Nifo years, there

is negative omega values over eastern Pacific indicating upward motion and

positive omega values over western Pacific which shows subsidence.
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Figure 27. Composite of rainfall anomalies during very strong La

Nifa year, moderate La Nifa years and their difference

The figure 27. shows the composite of rainfall anomalies during very
strong La Nifia year, moderate La Nifia years and their difference. At the time
of very strong La Nifia year, positive rainfall anomalies are present in north
and south India while negative rainfall anomalies are seen in central and east
India. During moderate La Nifia years positive rainfall anomalies are present
over most parts of India. Though very strong La Nina brought intense rainfall

to north and south India, central India experienced low rainfall pattern.
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Figure 28. Composite of SST anomalies during very strong La Nifa

year, moderate La Nifia years and their difference

The figure 28. represents the composite of SST anomalies during very
strong La Nifia year, moderate La Nifia years and their difference. Very strong
La Nifa year show negative SST anomalies over eastern Pacific and positive
SST anomalies can be seen over Indian Ocean. But during moderate La Nifia
years negative SST anomalies are seen in eastern Pacific as well as in the
Indian Ocean. There is anomalous warming of Indian ocean at the time of
very strong La Nina which is comparatively higher than that of very strong
El Nino.
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Figure 29. Hadley circulation during

moderate La Nifna and their difference
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The figure 29. shows Hadley circulation during very strong La Nifia,

moderate La Nina and their difference. Very strong La Nifa years show

anomalous subsidence over the equatorial region and over the Indian

subcontinent there is negative omega values which show upward motion

there. Moderate La Nifia years show convergence over India.
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Figure 30. Walker circulation during very strong La Niifa,

moderate La Nifia and their difference
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The figure 30. represents Walker circulation during very strong La

Nifa, moderate La Nifia and their difference. During very strong La Nifia year

positive omega values are seen in the eastern Pacific which indicates

anomalous subsidence and over western Indian Ocean there is upward

motion. Moderate La Nifa years also show subsidence over eastern Pacific.
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Figure 31. Extreme rainfall events computed using 99.5 percentile

threshold criteria for very strong, moderate El Nifio years and their

difference

The figure shows extreme rainfall events during very strong, moderate

El Nifio years and their difference. The extreme precipitation events are based

on 99.5 percentile threshold value (Nikumbh et al., 2019). The number of

extreme rainfall events are greater during very strong El Nifio years and are

mostly confined to central and eastern parts of India. Moderate El Nifio years

show extreme precipitation events which are scattered.
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Figure 32. Extreme rainfall events during very strong, moderate El

Nifo, and their difference based on 150mm/day threshold criteria

The figure shows extreme rainfall events during very strong, moderate
El Nifo, and their difference. The extreme rainfall events are also categorized
based on the events in which the rainfall is greater than 150mm/day (Roxy e?
al., 2017). Very strong El Nifio years show extreme precipitation events in

central, east India as well as Western Ghats region.
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Figure 33. Extreme rainfall events computed using 99.5 percentile

threshold criteria during very strong La Nifa year, moderate La Nifia

years and their difference

The figure shows extreme rainfall events during very strong La Nifia

year, moderate La Nifia years and their difference. The extreme precipitation

events based on 99.5 percentile threshold (Nikumbh et al., 2019) is calculated

during very strong and moderate La Nifia years. The extreme rainfall events

are present mostly in southern and northern parts of India during very strong

La Nina year.
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Figure 34. Extreme rainfall events computed using 150mm/day

threshold criteria during very strong La Niiia year, moderate La Niiia

years and their difference

The figure shows extreme rainfall events computed using 150mm/day

threshold criteria during very strong La Nifia year, moderate La Nifa years

and their difference. Extreme rainfall events are calculated based on

150mm/day threshold (Roxy et al., 2017). During very strong La Nifia

extreme precipitation events are seen in Western Ghats region, and parts of

south India.
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CHAPTER 5
SUMMARY AND CONCLUSION

El Nifio Southern Oscillation is a coupled ocean-atmospheric
phenomenon that takes place in the tropical Pacific Ocean. ENSO has two
phases: the warm phase corresponds to El Nifio and the cold phase is the La
Nifia. This climatic oscillation between a warm period and cold period is
referred to as Southern Oscillation. During El Nifio warm SST anomalies are
prevalent over the east equatorial Pacific and cold SST anomalies over the
west equatorial Pacific. El Nifio brings about good amount of rainfall over the
east equatorial Pacific region (Peru coast) whereas reduced rainfall prevails
over the western part of the equatorial Pacific (Australia, the Indian
subcontinent). The reverse happens for La Nifia. The walker circulation

reverses during these warm and cold phases.

ENSO related vagaries of Indian monsoon exhibit diversity in both time
and space. With its varying influence on different regions of the country at
different points of time, the implications posed by ENSO is quite dramatical.
El Nifio, has an out of phase relationship with the Indian summer monsoon,
with a drastic reduction in the amount of rainfall. However, this does not hold
true for the entire period monitored from 1901 to 2018. For the purpose of
investigating the changing relationship, the 118-year study period was
divided into early (1901 to 1940), middle (1941 to 1980) and the recent
epochs (1981 to 2018). This division of years and the subsequent analysis
revealed that the ENSO-monsoon inverse relationship started rising from the
point of initiation, became stable and declined in the recent epoch. Also, it is
of interest to note that South India does not exhibit considerable variation in
the relationship whereas North India shows increasing relationship. On the
contrary, central India rainfall association with ENSO diminishes in the

recent decade.

The key drivers of Indian summer monsoon variability were detected

in order to point out the culprit that has caused this altered interrelationship.
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This has led to the identification of monsoon trough and depressions as
another cause in addition to ENSO phenomenon though the contribution of
the former is not as distinguished as the latter. From the subsequent analysis
it became evident that the role of monsoon trough and depressions emerged
as the primary cause of rainfall variability over central India that surpassed
the role of ENSO related variability. For south India rainfall, ENSO related
variability and the influence of monsoon trough and depressions work hand
in hand. North India rainfall has an increasing relation with ENSO while the
role of monsoon trough and depression is declining. Since the association of
Indian monsoon with ENSO is inarguably impactful on the Indian
subcontinent, the consideration of extreme ENSO events and its repercussions
on the rainfall pattern is no less important. Central India showed greater
rainfall at the time of very strong El Nifio and extreme precipitation events
were also notably present during this time. Increased rainfall pattern was
observed in north and south India at the time of very strong La Nifia years
except parts of central India where the rainfall was considerably less. Hence,
we can conclude that ENSO plays a dynamic role during the southwest
monsoon season with extreme ENSO years being exceptionally mysterious

for the central India
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ABSTRACT

El Nifio Southern Oscillation refers to the coupled ocean atmospheric
phenomena that is generated in the tropical Pacific Ocean on an approximate
timescale of 2-7 years. The periodic warming and cooling are called El Nifio
and La Nifia respectively. El Nifio events are characterized by warmer than
normal SST over the central and eastern Pacific Ocean whereas La Nifia
events are marked by cooler than normal SST. There is a drastic reduction in
the amount of Indian summer monsoon rainfall in response to El Nifio. The
opposite is true for La Nifia conditions. It was found out that the connection
between ENSO and the monsoon is not uniform for the entire Indian
subcontinent for the period of study from 1901 to 2018. It started rising from
1901, then became stable for the period 1940 to 1980 and decreased for the
recent period. Based on the variability in the relationship, three regions-
namely north, central and south India were selected which exhibit moderate,
high and consistent relationship with ENSO respectively. ENSO and
monsoon trough/depressions were identified to be the major drivers of ISMR
variability. The effect of these were checked for north, central and south India
rainfall. North India has an increasing dependency on ENSO while the
influence of monsoon trough/depression is declining. Central India is
dependent mainly on monsoon trough/depressions. South India has its
relation on ENSO as well as monsoon trough/depressions. Hence it is due to
the rising influence of monsoon trough/depression that the ENSO-monsoon

interrelationship has decreased in central India.

The study of the impacts of extreme ENSO events on ISMR revealed
that very strong El Nifio years influenced only north and south India. The
central India rainfall was particularly high during this time such that extreme
rainfall events were also identified. The result was opposite at the time of very
strong La Nifa events which brought heavy rainfall to north and south India

but low rainfall in Central India.
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