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Abstract

The Earth’s climate system consists of numerous interacting subsystems vary-
ing over a multitude of time scales giving rise to highly complicated spatio-
temporal climate variability. Understanding processes occurring at different
scales, both spatial and temporal, has been a very crucial problem in numer-
ical weather prediction. The variability of climate, a self-constituting system,
appears to be organised in patterns on large scales (such as the Indian Ocean
Dipole, El Nifio-Southern Oscillation, North Atlantic Oscillation). Over the last
two decades, the holistic complex network-based approach to climate has been
developed as a tool to complement the constructionist approach of climate mod-
elling. Termed as climate networks, this approach has been very successful in
providing innovative and efficient ways to predict large scale climate phenomena
by detecting spatial propagation of these patterns of variability in the climate
system. However, its applicability to the study of climate variability at smaller
spatio-temporal scales, such as weather or intraseasonal time scales, has been
very limited. Although incorporating spectral techniques such as wavelet decom-
position or singular spectrum analysis into climate networks is one possible way
of exploring the patterns of climate variability at different time scales, it requires
a very long time series. Furthermore, such an approach reveals information about
the average pattern of variability and is not able to distinguish individual events
from each other.

In this thesis, it is demonstrated using climate network approach that cli-
mate variability at shorter scales are also organized in patterns. By suitably
tailoring the functional network framework, its capability to detect individual ex-
treme weather events, in particular tropical cyclones, is shown. Network-based
indicators are found to exhibit significant signatures of tropical cyclones and
have striking similarities with their tracks. Furthermore, an innovative complex
network-based methodology is proposed to understand the evolving vortical in-
teractions between the two cyclones when in close proximity. The method is
successful in providing deeper insight into the rare event of interaction between
binary cyclones, a complete understanding of which has been a challenge for
weather forecasters. Network measures derived from this method can effectively
quantify the changes in binary cyclone interaction leading to a complete merger.

Next, using a combination of a nonlinear synchronization measure with func-
tional network techniques, the spatio-temporal organization of extreme rainfall
events in the Asian Summer Monsoon (ASM) system, and its variability at in-
traseasonal time scales is investigated. This sheds light on the intricate relation-
ship between the Indian and the East Asian summer monsoon systems, revealing
the various climate processes which modulate the interaction at subseasonal time
scales. Thereafter, the role of the El Nifo-Southern Oscillation on the spatial
co-variability of the convective processes that drive the ASM system is analyzed
at interannual timescales.

Finally, the applicability of the climate network framework to analyse the
spatial variability of error correlations in forecast data is demonstrated. Un-
derstanding error properties is crucial for improvement of forecasts. Correlated
errors arise due to the presence of a predictable relationship between errors of
different regions because of some underlying systematic or random process. The
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analysis of the error network topology of a climate variable provides a preliminary
understanding of the dominant source of error which may not be clearly evident
from the interaction pattern of the variable itself. This shows the potential of
climate networks as a very promising diagnostic tool to study error co-variability.



Zusammenfassung

Das Klimasystem der Erde besteht aus zahlreichen interagierenden Teilsyste-
men, die sich {iber eine Vielzahl von Zeitskalen hinweg veréndern, was zu einer
duBerst komplizierten rdumlichen und zeitlichen Klimavariabilitét fithrt. Das Ver-
standnis von Prozessen, die auf verschiedenen raumlichen und zeitlichen Skalen
wirken, ist ein zentrales Problem der numerischen Wettervorhersage. Die Variabi-
litdt des Klimas, ein sich selbst konstituierendes System, zeigt sich in gro3flachi-
gen Strukturen (wie dem Indischen-Ozean-Dipol, der El-Nino-Southern Oscillati-
on und der Nordatlantischen Oszillation). In den letzten zwei Jahrzehnten wurde
der ganzheitliche, auf komplexen Netzwerken basierende Ansatz fiir das Klima als
Instrument zur Ergdnzung des konstruktivistischen Ansatzes der Klimamodellie-
rung entwickelt. Dieser als Klimanetzwerke bezeichnete Ansatz hat sich als sehr
erfolgreich erwiesen, da er innovative und effiziente Moglichkeiten zur Vorhersage
groffiraumiger Klimaphdnomene bietet, indem er die rdumliche Ausbreitung die-
ser Variabilitdtsmuster im Klimasystem aufdeckt. Seine Anwendbarkeit auf die
Untersuchung der Klimavariabilitdt auf kleineren rdumlich-zeitlichen Skalen, wie
z. B. Wetter oder subsaisonale Zeitskalen, ist jedoch sehr begrenzt. Die Einbezie-
hung von Spektraltechniken wie der Wavelet-Zerlegung oder der Singularspek-
tralanalyse in Klimanetzwerke ist zwar eine Mo6glichkeit, die Muster der Klimava-
riabilitat auf verschiedenen Zeitskalen zu untersuchen, erfordert aber sehr lange
Zeitreihen. Auflerdem liefert ein solcher Ansatz Informationen {iber das durch-
schnittliche Muster der Variabilitdt und ist nicht in der Lage, einzelne Ereignisse
voneinander zu unterscheiden.

In dieser Arbeit wird anhand des Klimanetzwerkansatzes gezeigt, dass die Kli-
mavariabilitdt auf kiirzeren Skalen ebenfalls in Mustern organisiert ist. Durch
entsprechende Anpassung der funktionalen Netzwerktheorie wird gezeigt, dass
diese in der Lage ist, einzelne extreme Wetterereignisse, insbesondere tropische
Wirbelstiirme, zu erkennen. Es hat sich gezeigt, dass netzwerkbasierte Indikato-
ren signifikante Signaturen tropischer Wirbelstiirme aufweisen und verbliiffende
Ahnlichkeiten mit deren Zugbahnen haben. Dariiber hinaus wird eine innovati-
ve, auf komplexen Netzwerken basierende Methode vorgeschlagen, um die sich
entwickelnden Interaktionen zwischen zwei Wirbelstiirmen zu analysieren, wenn
sie sich in unmittelbarer Ndhe befinden. Die Methode ermoglicht einen tieferen
Einblick in das seltene Ereignis der Interaktion zwischen zwei Wirbelstiirmen,
dessen vollstdndiges Verstdndnis eine Herausforderung fiir die Meteorologen dar-
stellt. Die aus dieser Methode abgeleiteten Netzwerkmafle kénnen die Verdnde-
rungen in der Interaktion bindrer Wirbelstiirme, die zu einer vollstdndigen Fusion
fihren, wirksam quantifizieren.

Als Néchstes wird durch die Kombination eines nichtlinearen Synchronisati-
onsmafles mit funktionalen Netzwerktechniken die rdumlich-zeitliche Organisa-
tion extremer Niederschlagsereignisse des Asiatischen Sommermonsuns (ASM)
und seine Variabilitdt auf intraseasonalen Zeitskalen untersucht. Die Resultate
verdeutlichen die komplizierte Beziehung zwischen dem indischen und dem ost-
asiatischen Sommermonsun-System und zeigen die verschiedenen Klimaprozesse
auf, die die Interaktion auf subsaisonalen Zeitskalen modulieren. Danach wird die
Rolle der El Nino-Southern Oscillation (ENSO) auf die rdumliche sowie jahrliche
Variabilitat der konvektiven Prozesse, die das ASM-System antreiben, analysiert.
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Schliefllich wird die Anwendbarkeit des Klimanetzwerkansatzes zur Analyse
der rdumlichen Variabilitat von Fehlerkorrelationen in Vorhersagedaten demons-
triert. Das Verstdndnis der Fehlereigenschaften ist entscheidend fiir die Verbes-
serung von Vorhersagen. Korrelierte Fehler entstehen durch die Existenz einer
vorhersagbaren Beziehung zwischen Fehlern verschiedener Regionen aufgrund ei-
nes zugrunde liegenden systematischen oder zufélligen Prozesses. Die Analyse
der Netzwerktopologie der Abweichungen einer Klimavariablen ermdoglicht ein
erstes Verstiandnis der vorherrschenden Fehlerquelle, die aus dem Interaktions-
muster der Variablen selbst moglicherweise nicht klar ersichtlich ist. Dies zeigt
das Potenzial von Klimanetzwerken als vielversprechendes Diagnoseinstrument
zur Untersuchung der Kovariabilitdt von Fehlern.
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1. Introduction

The climate of the Earth is governed by the dynamics of both the larger solar sys-
tem to which it belongs, and the several subsystems it is constituted of such as the
atmosphere, the hydrosphere, the cryosphere, the biosphere, to name a few. The myr-
iad of multi-scale interactions among these internal spheres along with the external
astronomical forcing give rise to the complexity of the climate system, which is man-
ifested in its heterogeneity. Large-scale motions, such as the ocean currents, produce
smaller-scale ones like the eddies through a hierarchical cascade of instabilities. The
complicated interplay among the small-scale processes, on the other hand, impacts
the dynamics of the large-scale processes. The quest to understand the magnificence
of nature has led mankind on to a journey from the worshipping of nature out of fear
of the unknown to that of scientific rationalism.

In the following, the motivation of the scientific approach taken in this dissertation
to understand the Earth’s climate system are briefly outlined along with the central
themes and the organization of this dissertation.

1.1. Motivation

There have been mainly two approaches to study the dynamics of the Earth sys-
tem, both of which follow the ‘digital-mimicry’ principle [2], although from different
perspectives. The first lays more emphasis on perfectly imitating the nature of the
components and, to some extent, the interactions in order to build up the whole sys-
tem part by part. The second, which is more recent, however utilizes the bird’s eye
view of the Earth, i.e., the layer of information surrounding the Earth, to understand
the pattern of interactions. While the latter approach has been opted in this thesis,
both these approaches are discussed in brief below to elucidate the motivation of the
work.

Constructing the whole system

Due to its complexity, explaining the entire climate variability was a challenging
problem. So the most feasible approach was reducing the climate system into its
various components and processes, then formulating physical laws to model each of
them, and finally putting all of them back together to construct the whole system.

This chapter is partly based on the associated publication Gupta et al. [P1], licensed under a
Creative Commons Attribution (CC BY) license. Parts of Section 1.1 closely follow this work.


https://creativecommons.org/licenses/by/4.0/

1. Introduction

This approach, known as climate modelling, has been the central tool to understand
and predict climate variability. While it has been the cumulative efforts of various
scientists in different disciplines, there were some key milestones that substantially
improved our understanding of the climate [P1].

The notion that the laws of physics could be used for weather prediction was first
conceived by Vilhelm Bjerknes [3] which later inspired Lewis Fry Richardson to lay
the foundations of present-day numerical weather prediction models using the more
tractable ‘finite-difference equations’ in the 1920s [4]. The first numerical weather
forecast using the first programmable computer, the ENIAC, was produced in 1950
by John von Neumann and Jule Gregory Charney together [5]. However, a new
challenge in climate modelling came up when Edward Lorenz, in 1963, discovered the
chaotic nature of weather while studying his strongly simplified model of convective
processes in the atmosphere [6]. His findings imposed a limit on the predictability of
the weather, as the weather has a sensitive dependence on initial conditions which
implies that extremely small errors in the initial state amplify rapidly and lead to
large uncertainties in the forecasts.

The importance of the atmosphere, in particular, the greenhouse gases, in mak-
ing our planet habitable by maintaining a livable temperature was first understood
by Svante Arrhenius (Nobel Laureate in Chemistry in 1903) [7]. One of the most
fundamentally important steps towards the development of a comprehensive general
circulation model of the atmosphere [8] was the development of the one-dimensional,
single-column radiative-convective model of the atmosphere with positive feedback ef-
fect of water vapour [9] which Syukuro Manabe (Nobel Laureate in Physics in 2021)
realised was an excellent conceptual tool to study the greenhouse effect. From the
very first zero-dimensional model, introduced by Arrhenius, to the currently used
state-of-the-art general circulation models (GCMs) [10-13], there is a long history of
contributions that can be seen from the perspective of model hierarchies [14].

The problem of scales There is often a direct relationship between spatial and tem-
poral scales of variability in geophysical systems. A formidable problem in climate
modelling arising from the heterogeneity of climate is the broad range of time scales
associated with the different components of the climate system, ranging from seconds
to tens of thousands of years [15]. Due to limitations on computational resources, it
is not feasible for GCMs to deterministically model all dynamically important com-
ponents of the climate system on all relevant time scales. Klaus Hasselmann (Nobel
Laureate in Physics in 2021) introduced his stochastic model of climate variability
which coupled the statistically varying, short-time-scale atmospheric system to the
more slowly changing components of the climatic system [16]. He argued that the
climate system is analogous to the Brownian motion problem, exhibiting the same
random-walk response characteristics as large particles interacting with an ensemble
of much smaller particles. His model interpreted the red-noise spectrum observed in
climate signals as the natural response of the oceanic surface layers to short-time-scale
atmospheric forcing which acts as a white-noise generator, thus providing insights
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into the origin of natural climate variability [17]. Hasselmann’s ingenious idea of
separating physical processes by time scales was later applied to explain the glacial-
interglacial climate transitions with an apparent periodicity of 10° years, and the
corresponding temperature variations, when Benzi et al. [18, 19] incorporated the ef-
fects of internal noise arising due to atmospheric and oceanic circulations along with
the periodic changes in the solar radiation due to Milankovitch forcing [20], terming
the phenomena as stochastic resonance.

Humans being an integral part of the biosphere, have strongly influenced the cli-
mate through their various activities [21]. A broad time-scale range is typically of
relevance in practical applications of climate models to quantitatively assess the cli-
matic influence of human activities [15]. Hasselman’s stochastic model played an
important role in the considerations of the signal-to-noise problem in the application
of climatic models to climate impact studies [22-24].

Currently, the world is heading towards a climate crisis. There is overwhelming
evidence that climate change is causing a change in the frequency, intensity, spatial
extent, duration, and timing of weather and climate extremes resulting in unprece-
dented impacts [25]. With the advent of the satellite era, the amount of observations
available to scientists have also increased manifold. Despite improved observations
and advancements in climate modelling, many important physical processes have not
yet been resolved primarily due to the multiscale nature of the climate system. Im-
portantly, more research is needed to improve our understanding of the interactions
between different tipping elements. With the available sea of information, innovative
data analysis methods offer promising approaches in addition to dynamical systems
theory and non-equilibrium statistical physics [26-29]. Such approaches provide alter-
native perspectives of the functioning of climate system and can arguably complement
numerical modeling methods. In the following, we discuss one such approach, climate
networks [30-32], employed in this thesis to obtain insights into the Earth’s climate
system.

Collective dynamics of an aggregated system

Modelling processes and components of the climate system to construct a ‘digital twin’
of the Earth has unequivocally been a successful approach [33, 34]. Yet, the richness
in dynamics imparted by the synergistic character of the Earth’s climate, being a
nonlinear complex dynamical system, has baffled climate scientists. Understanding
how spontaneous order at different scales in the form of patterns of climate variabil-
ity, such as atmospheric teleconnections and oceanic circulations, emerges from the
spatio-temporal coupling among its nonlinear interacting units is important to gain
insights into many physical processes. The key is to comprehend the self-organization
behaviour of the climate by examining the whole system as a coherent entity.

The concept is similar to that of the emergence of consciousness in living beings
from billions of unconscious neurons [35], and perhaps points towards the philosoph-
ical concept of the Earth as a conscious being [2]. Nevertheless, the logical approach
to study the collective dynamics of such large interlinked systems is via the theory
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of complex networks [36-38]. Every complex system can be thought of as an intri-
cate network that encodes the interactions between the system’s components. The
architecture of the relationships is given more importance than the precise nature of
the components. Despite the diversity of complex systems in various disciplines, the
structure and the evolution of the networks behind each system is governed by the
same organizing principles [39]. When applying networks to climate, it is assumed
that its dynamics can be approximated reasonably well by a grid of low dimensional
nonlinear dynamical systems, an assumption implicitly made in climate modelling
[30]. A direct application of networks to climate requires specific knowledge of two
aspects: first, the components which will represent the nodes and second, the cou-
pling topology which represents the interaction between the nodes. However, our
knowledge of both these aspects of the climate system is incomplete. Therefore, this
calls for more indirect approaches to infer the interaction architecture of the climate
System.

One way is to utilize the availability of big data in climate. The nodes of the network
are taken as the regular latitude-longitude discretization of the Earth’s surface, as is
commonly found in the spatially gridded climate data [40]. Each node thus represents
a dynamical unit whose dynamics can be measured in time via climate observations
or model simulations. The interactions in this case are inferred through the ability of
the subsystems to influence each other. This is estimated either by certain physical
laws, if known, which may govern the interactions, or by measuring the degree of
synchronization between the interacting units. The patterns of climate variability are
then expected to emerge due to the spontaneous synchronization among the different
subsystems. These can then be identified through measures used to quantify the
network topology [41].

The problem of scales The climate network approach is particularly attractive due
to its inherent nonlinear and data-integrative nature [P1]. Climate networks have
been very successful to study patterns of climate variability at larger scales such as
the Indian Ocean Dipole [42], El Nifio-Southern Oscillation [43-45], the North Atlantic
Oscillation [46, 47], the Indian summer monsoon [48, 49|, and the South American
monsoon [50, 51], to name few. By quantitatively studying the spatial organization
of these patterns, they have provided innovative and efficient ways to predict these
large scale climate phenomena [43, 52, 53]. However, very limited attention has
been given to the study of the patterns of variability at smaller scales [54]. This
is mainly due to the problem that most statistical interdependence estimators to
measure the degree of synchronization require sufficiently long time series for their
successful application [55]. Therefore, this is disadvantageous to the application of
climate networks to the study of the dynamically changing pattern of interactions
at finer resolutions for phenomena occurring at weather time scales which are non-
stationary and exhibit higher variability. This also hinders applications related to
the study of specific patterns of variability for individual extreme weather events as
opposed to the average general patterns, in which case the data available is limited
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(very short time series or only a few observations) [31]. Therefore, new and innovative
methods of climate network construction must be devised to overcome these problems.

Complementary to climate modelling In view of the above discussion, it may be
argued that the limitation of the predictability of existing numerical climate and
weather models is partly due to the fact that the models do not perfectly mimic the
nature of interactions in the real climate system. Recent applications of climate net-
works to evaluate global teleconnections in CMIP6 Climate Projections [56, 57] and to
validate the representation of boreal tropical-extratropical teleconnections in seasonal
forecast data with respect to the observational data [58] have shown the potential of
climate network approaches to detect model deficiences. Moreover, aside from the sys-
tematic inter-dataset comparison studies [59], climate network approaches have been
used to study changes in teleconnection patterns in future climate projections [60,
61]. Therefore, besides providing innovative ways of constructing prediction schemes
for large scale climate phenomena, climate networks can complement numerical mod-
elling approaches. However, there is still a lot of scope to extract the full potential of
climate networks and skillfully integrate them in different areas of numerical weather
prediction.

1.2. Central themes of the thesis

In view of the aforementioned discussion, there are two central themes that surround
the work presented in this thesis, as discussed below.

Application to phenomena at different time scales

One of the main themes is to implement different ways of constructing climate net-
works to address the problem of short time scales. In this context, time-evolving cli-
mate networks are specifically designed to study the dynamically changing patterns
of weather variability of short-lived extreme weather events like tropical cyclones [P2,
P3]. This is done by choosing the resolution and time window of the data, the geo-
graphical domain of analysis, and appropriate estimators to compute the interactions
in accordance with the scale and variability of the extreme event. Furthermore, the
existing climate network methods are applied to study phenomena at larger scales
such as the spatial synchronization patterns of extreme rainfall in the Asian Sum-
mer Monsoon region at seasonal and monthly time scales [P4]. The variability of
these spatial synchronization patterns at intraseasonal and interannual time scales
are of interest. In this regard, the role of tropical intraseasonal oscillations on the ex-
treme precipitation and the impact of El Nino-Southern Oscillation on the convective
processes driving the precipitation are investigated [P5], respectively.

On the theoretical side, detecting different kinds of synchronization between chaotic
time series and identifying the associated relevant scales are discussed on the basis
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of wavelet analysis. Such scale-based synchronization measures were previously pro-
posed only for phase synchronization [62, 63| and applications thereof [64-66]. New
wavelet-based synchronization measures to extend the applicability of wavelet analy-
sis to other kinds of synchronization, such as complete synchronization in dissipative
systems and measure synchronization in Hamiltonian systems, are devised [P6]. Syn-
chronization is known to be one of the important mechanisms involved in climate
variability. However, as the climate subsystems are not exactly identical, forms of
strong synchronization like complete synchronization is not possible [67]. Instead,
weak forms of synchronization such as generalized or phase synchronization is more
likely. Correspondingly, only wavelet-based phase synchronization techniques are ap-
plied to study phase synchronization between the precipitation of different regions at
intraseasonal time scales, as other kinds of synchronization were not clearly identi-
fied in the climate examples studied here. Furthermore, the wavelet-based measures,
could not be integrated with the applications concerning short-lived weather events
discussed above due to the brevity of the time series associated with them. In lieu of
the aforementioned arguments, measures of degree of synchronization are instead em-
ployed in climate network applications to infer the extent to which climate subsystems
synchronize.

Integration with numerical weather prediction

Another primary theme is to devise methods to skilfully combine climate networks
with numerical weather prediction to facilitate the improvement of the forecasts. As
already discussed earlier, climate network applications have recently been extended to
validate models and to study future projections of teleconnection patterns. Aside from
model evaluation purposes (comparison between forecast and reanalysis/observation),
the application of climate networks as promising diagnostic tools to obtain an under-
standing of the error properties is proposed [P7]. While the former enables us to
identify the overestimation or underestimation of certain climate interactions, the
latter helps to identify the dominant source of error in the climate variable. It is
also of interest, in this context, to investigate whether the interaction structure of a
climate variable influences that of the errors. Such applications of climate network
can be integrated in data assimilation techniques to analyse the spatial variation of
error correlations, as well as error assessment in other fields.

1.3. Organization of the thesis

In accordance with the themes of the dissertation described above, the present thesis is
organized as follows. Part I (Chapters 2 and 3) lays down the theoretical foundations
of this thesis and Part IT (Chapters 4-6) focuses on their applications to climate data.

In Chapter 2, we first discuss the measures of synchronization which can be used
to detect various kinds of synchronization between two chaotic time series. A spe-
cial emphasis is placed on wavelet-based synchronization measures which allow us to
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analyse synchronization in our preferred frequency range. Thereafter, we introduce
the common measures used to quantify the degree of synchronization between two
time signals.

Chapter 3 introduces the relevant elements of complex network theory and the
framework of its application to analysis of climate data. It discusses the suitable
choice of measure to quantify the the degree of co-variability among the wide range
of available synchronization measures (Chapter 2) for construction of climate networks
based on the characteristics of the data.

A first application of climate network approach to study spatial organization pat-
terns of climate variability at weather time scales is presented in Chapter 4. It is
shown that the regional weather system undergoes a spatial reorganization during
the presence of a tropical cyclone, which could be then used to detect tracks of in-
dividual cyclones. Subsequently, an innovative network-based approach which can
quantify the evolution of the interaction structure of the instantaneous vorticity field
is applied to identify the transitions in the interaction between two cyclones when
they are in close proximity. The method is shown to be able to successfully classify
the stages of binary cyclone interaction leading to a complete merging of the two
cyclones.

In Chapter 5, the spatial synchronization pattern of extreme rainfall events in
the Asian summer monsoon (ASM) region is investigated, especially focusing on the
complex relationship between the Indian and the East Asian summer monsoon sys-
tems. The relationship between the two components of the ASM system is shown to
vary at intraseasonal time scales. The mechanisms underlying the respective modes
of interaction between the Indian and the East Asian monsoon systems earlier and
later in the season are revealed. Furthermore, by investigating the impact of the El
Nifio-Southern Oscillation on the ASM, which is the primary source of its interan-
nual variability, a distinction is made between the dominant convective processes that
power each of the two systems.

In Chapter 6, the applicability of climate networks to analyse spatial co-variability
patterns of forecast errors is demonstrated. It is shown that the error network topolo-
gies of different climate variables reveal information about the dominant underlying
process which gives rise to correlated errors in those variables.

Finally, Chapter 7 concludes this dissertation by recapitulating the achievements
attained, and outlining the challenges and promising future directions of research.






Part |I.

Theoretical Foundations

This first part of the thesis offers an introduction to mea-
sures of synchronization for chaotic time series. Scale-based
measures are proposed to identify different kinds of synchro-
nization. Existing measures applied in this thesis to quan-
tify the degree of synchronization for continuous and discrete
data are explained. Furthermore, the basic concepts of com-
plex network theory and network-based analysis of spatio-
temporal data are provided.






2. Measures of Synchrony

“Out of discord comes the fairest harmony.”
— Heraclitus

2.1. Introduction

Synchronization is ubiquitous in nature, occurring in a wide range of physical systems
across multiple disciplines, ranging from electronic circuits, communication devices
and power grids, to ecological systems and human physiology and, even climate and
weather forecasting [68-70]. In terms of coupled dynamical systems, synchronization
may be defined as a form of coordinated behaviour among the various units con-
stituting a dynamical system, due to some coupling or forcing. First discovered by
Huygens in the 16th century in two coupled pendulum clocks hanging from a com-
mon beam [71], synchronization was known to occur only in non-chaotic systems. The
reason being that the emergence of synchronization in chaotic systems is, in general,
counter-intuitive due to their sensitive dependence on the initial conditions which
implies that two trajectories evolving from nearby initial conditions should diverge
exponentially with time, i.e., evolve in an unsynchronized manner. The discovery
of chaotic synchronization [72] led to a paradigm shift in the study of dynamical
systems. Since its discovery, the study of synchronization in chaotic systems has ex-
panded tremendously and has helped in the understanding of the dynamics of various
systems of immense physical relevance, climate being one of them [40, 67, 73].
Synchronization of chaotic systems is broadly classified into two categories — strong
synchronization and weak synchronization [68]. Strong synchronization can occur in
coupled identical systems, wherein different chaotic trajectories having different initial
conditions come closer with time and, later, evolve as a single trajectory on a chaotic
synchronization manifold. This is called complete (or identical) synchronization [37,
72, 74]. On the other hand, in case of non-identical coupled chaotic systems, it is
possible to observe various kinds of weak synchronization, such as, phase synchroniza-
tion [75] (phase difference between the coupled systems remain bounded while their
amplitudes do not match), lag synchronization [76] (the coupled systems differ with

This chapter is partly based on the associated publication Gupta et al. [P6]. Some figures and text
of Section 2.2.1 are adapted with permission from [P6]. Copyright 2019 by American Physical
Society.
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respect to each other with a certain phase lag), generalized synchronization [77, 78]
(the trajectory of one of the coupled system can be written as an analytic function
of that of the other), to name a few. In all these cases, the systems have dissi-
pative dynamics and dissipation plays an important role in bringing the individual
systems into sync. However, a weak form of synchronization, termed as measure syn-
chronization [79, 80], has also been observed in coupled chaotic non-dissipative (or
Hamiltonian) systems, wherein, the phase space domains of the individual systems
overlap, i.e., their trajectories define identical invariant measures on the portion of
the phase space they share, giving rise to interesting collective dynamics.

Depending on the kind of synchronization, it is possible to define various parame-
ters to identify the emergence of synchronization, such as, synchronization error [69]
(complete synchronization), phase difference between trajectories [75] (phase syn-
chronization), similarity function [76] (lag synchronization), similarity of probability
of recurrence in phase space [81] (generalized synchronization), frequencies of the tra-
jectories visiting a particular phase space region [80] (measure synchronization), and
so forth. In case of chaotic systems, it is often useful to work with quantities derived
from mode-decomposition techniques, such as Fourier analysis, wavelet decomposi-
tion and empirical mode decomposition, to name a few, rather than the raw data
itself. Such techniques can provide new insights into the properties of synchronized
chaos. In order to illustrate this, here, we use wavelet analysis to identify some of the
different types of synchronization mentioned above (Section 2.2.1).

In most real-world systems, such as the brain or the Earth’s climate system, the
exact governing equations are unknown. However, one can measure the state of the
system at different time instances to obtain a time series representing the dynamical
evolution of the system. One can then compute the statistical dependencies indicating
functional interactions between the different components of the system in order to
gain insight into its underlying structural connectivity. To put it in other words, the
functional connectivity between two time signals imply the likelihood of synchronized
dynamic activity. There are various linear and non-linear measures that can be used
to quantify the degree of synchronization. In this chapter (Section 2.2.2), we discuss
some of these estimators of synchrony or similarity measures which have been used
in Part II of this thesis.

2.2. Synchronization measures

Over the years, many measures have been used to detect different kinds of synchro-
nization in chaotic systems. Synchronization error e(t), defined as norm of the sepa-
ration between the individual trajectories, serves as a useful tool for identification of
complete synchronization in identical systems [69]. The difference between the phases
of the chaotic trajectories derived using techniques such as Hilbert transform, phase-
space projections, Poincaré section [75], etc., or other quantities derived therefrom,
are used to identify phase synchronization. Measures based on recurrences in phase

12



2.2. Synchronization measures

space have also been used to indicate the onset of phase synchronization, generalized
synchronization and measure synchronization [80, 81].

However, in most real-world scenarios, the only accessible information is the recorded
time series of the subsystems, with limited information about the governing equations.
Under such circumstances, it is difficult to directly characterize the collective dynam-
ical behaviour of the system. Wavelet analysis is one of the techniques which can
be used to identify the underlying synchronization between the various modes of the
components of the dynamical system [63]. In the following sub-section, we exemplify
a few measures derived from Continuous Wavelet Transform (CWT) analysis which
can be used to identify various types of synchronization.

2.2.1. Wavelet-based measures to identify synchronization

A wavelet may be physically understood as a waveform of finite length in space or
time. Mathematically, it can be defined as a square-integrable function (), that
satisfies both the conditions of a nonzero but finite norm, 0 < [°_ |y (¢)[*dt < oo,
and admissibility, i.e., [0 ¥ (¢)dt = 0 [82]. In wavelet analysis, instead of expanding
a function F(t) in terms of sines and cosines as in Fourier analysis, the function is
expressed as a superposition of orthonormal wavelet basis functions, 95, (t),

F(t) = Z C(s,t0)Wst0(t) (2.1)

s,to €EZ

The wavelet basis functions, 14, (¢), are dilatations and translations of the generating
wavelet W(t),

Baaolt) = Vlgq, (=) (2.2)

Here, s is the scaling parameter which indicates the degree of compression, and is
inversely related to the wavelet frequency f. tg is the time translation parameter
which determines the temporal position of the wavelet. For the given wavelet system,
the CWT coefficients {C(s, o)}, are defined as

Cloto) = (Wato DIF(E) = [ ot F(t)d (23)

The map F +— {C(s,tg)} is the wavelet transform defined by the wavelet system,
7vZ)S,to (t)

The temporal localization of the wavelet basis functions makes this technique much
more advantageous than Fourier analysis in the study of synchronization. From the
spectrum of CWT coefficients, it is possible to visualize the time-evolution of the
various frequency modes which comprise the signal. One can then identify the fre-
quency modes responsible for synchronization, thereby leading to a better insight
into the collective dynamics. Some examples of identification of synchronization us-
ing wavelet-based measures are illustrated below.
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Complete synchronization

The following wavelet-based order parameter can be used to quantify complete syn-
chronization [P6]:

1/2

d N
Mb(0) = | =37 35, 22 [Cot0) = G (24

Here, N is the number of coupled sub-systems, d is the phase space dimensionality, x
represent the phase space components, and the indices ¢ and j denote the sub-systems.
Cy; (and Cy;) are the magnitudes of the CWT coefficients of the k™ component of the
i*® (and j*) subsystem. In the synchronized state, |C\; —Cy;| =~ 0, for all components
k of all pairs of subsystems i, j, at all frequencies f. Consequently, Mp(f,t) =~ 0
during complete synchronization. Synchronization error [69], defined in terms of the
phase space coordinates x;,

1/2

d N
et) = | D D [ewi(t) — 2 (1)) (2.5)

k=14,j=1

is similar to Eq. (2.4), although less advantageous as it does not provide information
about the synchronization of the different frequency components.

To demonstrate the applicability of Mp, we consider a pair of identical Réssler
systems coupled in a drive-response (master-slave) manner [72] as follows,

¥ = —(y1 + 21) Zo = —(y1 + 22)
Y1 = 1+ ayp (2.6)
Z1=b+ zi1(x1 — ¢) Zo = b+ z9(x2 — )

We choose the parameters a = 0.2, b = 0.2, and ¢ = 9 for which the system
exhibits chaotic complete synchronization. From Figure 2.1, it can be seen that both
e(t) and Mp(f,t) (Figure 2.1b) approach zero as the trajectories of the respective
subsystems merge (Figure 2.1a). Mp(f,t) is also a robust order parameter for chaotic
complete synchronization obtained via other coupling schemes such as active-passive
decomposition [74], as shown in Figure 6 of Gupta et al. [P6].

Since complete synchronization mainly occurs between coupled identical systems,
as in communication systems [83], the above measure may find application in such
systems. However, climate subsystems are seldom identical, and therefore complete
synchronization is not possible. Instead other weaker forms of synchronization such
as generalized or phase synchronization are more likely to be found [67].
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FiGURE 2.1.: (a) Upper panel: Time series of the z-component of the driver (blue) and
response (red) systems of the coupled y-driven Rossler systems in Eq. (2.6); Lower Panel:
Magnitude of the CWT coefficients, C5, and C,,, as functions of the wavelet frequency f and
time ¢, with the dashed lines representing the cones of influence. (b) Comparison between the
synchronization error e(t) (upper panel) and wavelet-based order parameter Mp(f,t) (lower
panel). Mp(f,t) not only agrees well with e(¢) but also shows how the various frequencies
synchronize as the individual trajectories approach the synchronization manifold. (Adapted
with permission from Gupta et al. [P6]. Copyright 2019 by the American Physical Society.)

Phase Synchronization

The instantaneous phases of the various frequency components of a chaotic time series
can be derived from the CWT coefficients obtained by convolving the time series F'(t),
with a complex wavelet function 74, (t), as given below,

Cft) = [ gt F(E)dY = A(, e (2.7)

where A(f,t) and ¢"V (f,t) are the amplitude and phase of the frequency component
of frequency f at time instant ¢, respectively. Therefore, an instantaneous scale
(frequency) dependent phase synchronization measure can be defined by considering
the wavelet phase difference, A" (f,t) = oWV (f,1) — (bZV(f,t)], between a pair of
chaotic oscillators, z(t) and y(t), computed from Eq. (2.7) [63]. If A¢" (f,t) remains
constant with time for certain frequencies, f, then those frequency components of the
oscillators are said to be phase synchronized. However, their amplitudes A, ,(f,t)
may not be synchronous.
As an example, consider the following coupled non-identical Rossler systems [75],

B19 = —wi2 — 212 +7(T21 — 712),
Y12 = w12 + 0.15y1 2, (2.8)
21’2 =02+ 2172(1‘1,2 — 10).

where the parameters wi2 = 1 £ Aw govern the frequency mismatch and ~ is the
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FIGURE 2.2.: (a) Phase difference |¢Z (¢) — @2 (¢)| between time series of z1(t) and z2(t), for
the coupled non-identical Rossler systems in Eq. (2.8), calculated using the Hilbert Transform
for different values of the coupling . (b) Left: Magnitude of CWT coefficients of z1(t), Cy,;
Right: Scale-dependent phase synchronization measure A¢"W (f,t), as functions of frequency
f and time ¢ for v = 0.035. The dashed white lines mark the cones of influence while the red
boxes denote the scales which contain the largest wavelet energies. These scales are found to
be phase-locked, i.e., A¢"W (f,t) is close to zero and roughly constant for all of them, implying
phase synchronous behaviour.

strength of coupling. For a fixed mismatch, Aw (here Aw = 0.015), transition to
phase synchronization occurs on increasing -y, as seen from Figure 2.2a, wherein the
phase difference between x1 and z9 is computed using the Hilbert transforms of the
respective time series. We then compute the above scale-dependent phase synchro-
nization measure, A" (f,t) = ](Z)K(f, t) — qbg‘g(f, t)|, for v = 0.035 when the oscil-
lators are phase synchronized. It can observed from Figure 2.2b that the dominant
frequency components are phase locked, i.e., A¢" is close to zero and fairly constant
at those scales which account for the greatest fraction of the wavelet-spectrum energy.

It is important to note that the wavelet-based measure allows us to analyse phase
synchronization in our preferred frequency range, as opposed to other approaches of
computing the instantaneous phase difference such as the Hilbert transform. This
is of particular advantage when phase synchronization occurs in certain frequency
ranges, i.e., fewer frequency components are entrained, which cannot be revealed
using Hilbert transform [62]. Moreover, the method allows the freedom to choose a
suitable wavelet function according to the nature of the time series from a wide range

of available wavelets, making it particularly useful for systems whose phases are not
well-defined [62, 63, 68].

Many real-world systems such as fireflies [84], neurons [85] and the human cardio-
respiratory system [86, 87| exhibit phase synchronization. Several examples of phase
synchronized behaviour have also been identified among different limate phenomena
such as that between the El Nino-Southern Oscillation (ENSO) and the Asian Summer
Monsoon [64, 65, 88|, between the ENSO and the North Atlantic Oscillation [66],
between the South American Monsoon and Rossby waves [89], etc. In Chapter 5,
we use the above wavelet-based technique to identify phase synchronization between
precipitation over India and north China.
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FIGURE 2.3.: The color plots (below) exhibit the variation of wavelet-based order parameter
for identifying measure synchronization Mg (f;y), as a function of frequency f and coupling ~y
for different v. My (f;) clearly distinguishes between the measure synchronized (quasiperi-
odic and chaotic) and unsynchronized states and the dominant scales involved. Also shown
are phase space plots of the oscillators x (blue) and y (red) for quasiperiodic measure syn-
chronized (y = 0.3), unsynchronized (7 = 1,22) and chaotic measure synchronized (7 = 33)
states. (Adapted with permission from Gupta et al. [P6]. Copyright 2019 by the American
Physical Society.)

Measure Synchronization

Coupled Hamiltonian systems exhibiting measure synchronization have similar fre-
quency components and root-mean-square (r.m.s.) values of amplitudes because the
phase space volumes of their individual subsystems overlap [80]. Thus, a generic
wavelet-based order parameter for identifying measure synchronization is,

1 N
MH(f, {’Yz}) = m Z ’Coz,rms - Cﬂ,rms| (2-9)
a,B=1

where Cp rms is the r.m.s value of the CWT coefficients of the oy, subsystem at
frequency f, N is the number of coupled subsystems, and {v;} is the set of control
parameters. Unlike dissipative systems, the subsystems in this case do not synchronize
with time. Since conservative systems are ergodic, the concept of time-averaging
(i.e., taking r.m.s. values) over a long duration is important to measure the degree
of overlap of the phase space domains of the individual subsystems. The greater the
degree of measure synchronization, the smaller are the values of |Cq rms — Cgrms| at
the dominant frequencies, and hence My is smaller at those frequencies.

As an example, we consider a two-oscillator system [80] with the Hamiltonian

H = % (pg + pgz/) —|—§ (z* + y?) + 2?y?, where (z, p,) and (y, p,) are the phase space
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coordinates of the individual oscillators, respectively. 8 = 1 is the bare frequency
of each oscillator. ~ is the coupling strength by varying which we observe different
dynamical regimes, such as quasiperiodic measure synchronization, chaotic measure
synchronization as well as unsynchronized states, as shown in Figure 2.3. We com-
pute Mg (f;7), using Eq. (2.9), which distinctly shows the different synchronization
regimes in Figure 2.3.

Since measure synchronization is exhibited by conservative systems, the above mea-
sure may find applications in quantum mechanics, such as in bosonic Josephson junc-
tion [90] and molecular system models, in stellar astronomy, and in studying coherent
dynamical behaviour of crossed magnetic fields in plasma physics [80]. However, this
form of synchronization is unlikely to be observed in climate which is a forced, dissi-
pative, nonlinear, complex system [26].

As described above, synchronization in chaotic time series can manifest itself in
many different ways. It can involve various spatial and temporal scales. Changes
in synchronization can occur on rather large temporal (spatial) scales or in a more
transient (gradual) manner. Following this, on the macroscopic level, the degree of
synchronization (or desynchronization) is typically measured to investigate whether
spatio-temporal changes in the level of synchronization can provide information about
predictable relationship between two variables, for example, a common underlying
climate phenomena leading to interaction between two variables. In the following
subsection, we describe different linear and nonlinear measures that can be applied
to quantify the degree of synchronization between two continuous or discrete time
series.

2.2.2. Measures of degree of synchronization

The measures to estimate the degree of synchronization can be divided broadly into
two classes: measures that are applied to continuous time series (e.g., temperature
and pressure data in climate, electroencephalogram (EEG) data in neuroscience, etc.)
and measures that are applied to discrete (or event-like) data (e.g. precipitation and
flood data in climate and neuronal spike trains in neuroscience). The approaches to
quantify the degree of synchronization between two continuous signals comprise both
linear measures, like cross-correlation and spectral coherence function, as well as non-
linear measures like mutual information [91, 92], transfer entropy [93, 94], Granger
causality [95, 96], and nonlinear interdependence [62, 97]. In climate science, some
of these measures have been successfully applied to reveal both linear and nonlin-
ear relationships between climate observables. For instance, one-point correlation
maps or teleconnectivity maps are commonly used to study teleconnection patterns
in large-scale fields [98, 99], and non-symmetric bidirectional interdependence and
phase coherence between El Nifio and Indian Monsoon were uncovered using nonlin-
ear measures [88, 96].
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2.2. Synchronization measures

Below we describe in detail few of these bivariate measures of synchronization for
continuous time series which has been used later in this thesis.

Cross-correlation

The simplest and most widely used measure of synchronization is the linear measure of
cross correlation. The term is generally used to refer to the Pearson product-moment
coefficient of linear correlation [100]. The parametric empirical Pearson’s correlation
coefficient, R;; = (a;(t)a;(t — 7))+, estimates the strength of the linear relationship
between two normalized time series, G;(t) and the time-lagged a;(t —7), each of length
N and distributed normally with zero mean and unit variance. It is defined in the
time domain as a function of the time lag, 7 = —(N —1),...,—1,0,1,..., (N — 1), with
R;j(T) = Rji(—7). It can be viewed as the ratio of the sample covariance of the two
variables, x and y, to the product of their respective standard deviations,

N . F .3
Ry, = Cov(z,y) _ ﬁ iz (i )i — 9)] (2.10)

w0 [ o - 07 [r - 7]

or as the (nearly) average product of the variables after conversion to standardized
anomalies by moving the standard deviations in the denominator inside the summa-
tion of the numerator,

N 7 =

Sy Sy

It is bounded between —1 and 1, where the maximum value R, = 1 implies perfect
positive linear association which can happen for complete or lag synchronization,
while the minimum value R;, = —1 means that there is a perfect, negative linear
association. If R;, = 0, then the variables are linearly independent. However, it
must be noted that the correlation coefficient does not provide additional information
about the relationship between the two variables, x and y, at least not in any physical
or causative sense.

The Pearson’s correlation coefficient is not robust because it may not recognize
strong but nonlinear relationships between the two variables, x and y. Also, it can be
extremely sensitive to one or a few outlying point pairs and produces spurious results
for variables which are not normally distributed. The non-parametric Spearman’s
rank correlation coefficient, which does not depend on the assumption of normal-
ity, is a good alternative to Pearson’s correlation coefficient [100] (Section 5.3 and
Chapter 6). It is computed by calculating the Pearson’s correlation coefficient using
the ranks of the data. While Pearson’s correlation coefficient reflects the strength of
linear relationships, Spearman’s rank correlation reflects the strength of monotone
relationships [101]. Although, either Eq. 2.10 or Eq. 2.11 can be applied to the
ranks of the data rather than to the data values themselves, the computation can be
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2. Measures of Synchrony

simplified because it is known in advance that the ranks consist of integers ranging
from 1 to N. The Spearman’s rank correlation can then be calculated as

_63Y, D?

rank
=1 == '
By N(NZ 1)

(2.12)

where D; is the difference in ranks between the i*" pair of data values. If there are
ties in ranks, it can be resolved by assigning the average rank to all the equal values
before computing D;.

The Kendall’s 7 coefficient [102, 103] is another rank-based correlation coefficient
alternative to the standard Pearson coefficient. It is calculated by considering the
relationships among all possible matchings of the N(N —1)/2 data pairs (z;,y;), and
then finding the number of concordant (both members of one pair are larger than the
corresponding elements in the other pair) N¢, and discordant (not concordant) Np
pairs. Identical pairs contribute 1/2 to both No and Np. Kendall’s 7 is then given

by,
N¢c — N
r=—2 "D (2.13)
N(N -1)/2

Like Spearman’s correlation, it can measure the strength of monotone relationships. It
is more robust to outliers (large-amplitude noise) and it imposes weaker requirements
on the sample size than both Pearson’s and Spearman’s correlation, i.e., performs
well for shorter time series [104, 105]. The latter advantage makes it a suitable choice
of similarity measure for investigating extreme weather events like tropical cyclones
(Section 4.2), which occur over short time scales, and therefore require a shorter time
window.

Mutual Information

Contrary to cross-correlation, mutual information quantifies not only linear but also
nonlinear dependencies between the observables, @;(t) and a;(t). Originating from
information theory, mutual information is based on the Shannon entropy H, which
quantifies the uncertainty of a probability distribution. The mutual information M;;
between two observables can be interpreted as the excess amount of information
generated by falsely assuming the two time series, a; and aj, to be independent.
Hence, by definition, M;; = 0 for two independent random variables. M;; is large if
the two time series are highly linearly (anti)correlated. On the other hand, M;; is
also large if a; and a; have a strong nonlinear relationship in which case the Pearson’s
correlation coefficient yields a smaller value. M;; can be estimated using the Shannon
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2.2. Synchronization measures

entropies of the marginal distributions, i.e.

M;j = Hi + Hj — Hjj
= - Zpl )og pi(p ij logpj < szj K, )logpw(:ua ))

uv
o o pz](,ua )
B ZW Pij{,v)log pi()p;(v)

(2.14)

where p;(u) is the probability density function (PDF) of the time series a;, and
pij(p, v) is the joint PDF of the pair (a;, a;). Mutual information is non-negative,
i.e. M;; > 0, and symmetric, so that M;; = Mj;. The standard unit of measurement
of mutual information is the bit, if logarithms to base 2 are used.

The conventional approach for estimating mutual information from two time series,
a; and a;, consists of partitioning their supports into bins of finite size and counting
the numbers of points falling into the various bins. We however use a more sophisti-
cated, data-efficient estimator having minimal bias based on entropy estimates from
the k—nearest neighbor distances (Section 5.3). It adapts the resolution by using
bins whose sizes are adjusted according to the local data density in the joint space
and then kept equal in the marginal subspaces [92]. As per the k—nearest neighbor
formalism, H; is written as,

Hi = (k) + 6(N) +In(eq,) + % 3 Infe(s0) (2.15)

where €(u) is twice the distance of p from its kth neighbor, N is the number of
samples in the time series a;, d; is the dimensionality of a;, cg, is the volume of the
d;—dimensional unit ball and % is the digamma function. H; can be expressed in a
similar manner. Additionally, H;; can be written as,

Hij = — (k) + $(N) + In(cqca) + & - ;) Zl (2.16)

Using Egs. 2.14, 2.15 and 2.16, we calculate M;;.

Although there exist conceptual differences between measures of synchronization
for continuous data and those for discrete data, they are closely related since very
often the time stamps of the discrete events first have to be extracted from continu-
ous recordings of an observable, e.g., extraction of flood events from river discharge
data. This can lead to a significant reduction of information because, in this case,
synchronization is only evaluated between defined events and not between the time
series as a whole. Different choices of events can generally yield different values.
Common methods of transforming a continuous time series to a discrete event series
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2. Measures of Synchrony

are using peak-over-thresholds such as zero crossings, or block maxima/minima. The
measures of synchronization for discrete data can either be time scale independent,
such as the original definition of event synchronization [106], or time-scale dependent,
such as edit-distance and other Victor-Purpura distance measures used to define the
(dis)similarity between two spike trains [107-110]. We have used in this thesis a
updated version of event synchronization for estimating the degree of co-variability
between event-like data which is discussed as follows.

Event Synchronization

Event synchronization (ES) is an event-based similarity measure which gives an ob-
jective and comparable estimate of the synchronization between two event series at
varying time scales. It was originally devised to be parameter-free by making them
computationally less expensive as no parameter optimization is required [106]. It is
time-scale adaptive and therefore, preferable in applications to real data for which
there is no validated knowledge about the relevant time scales. In climate observ-
ables, such as precipitation, the delay between synchronous rainfall events at different
locations may vary in time, even for fixed spatial distances, due to varying scales of
the driving atmospheric processes, for example, changing group or phase velocities of
atmospheric waves. ES has been successfully applied to analyse global and regional
extreme rainfall patterns [48-51, 111] due to its capability of dealing with the tech-
nical challenges of event-like time series and the additional complication of varying
temporal delays. ES can also be combined with wavelet transform to analyse synchro-
nization between two event series at different temporal scales [112]. In Section 5.2,
we use the following definitions of ES to study spatial synchronization patterns of
extreme rainfall in the Asian Summer Monsoon region and to identify the large-scale
atmospheric circulation anomalies associated with such synchronization patterns.

The improved version of ES, proposed in Boers et al. [111], is employed in this
thesis and is defined as follows. Consider two event series {e!'}, =1, and {e” bo=1,..1
with [; and [; events, respectively, corresponding to grid points ¢ and j, where ef
denotes the time stamp of the uth event observed at grid point i (Figure 2.4). Two
events e}’ and e’ can be uniquely associated with each other if the absolute value of
the temporal delay between them (¢ ’jy i=| ef — e ) is less than a dynamical delay

min{t““ 1 t,u,,u,+l t’VV71 tuu+l}
defined by 7177 := ~t 133 JJ— The allowed maximum temporal

delay, Tmax, a parameter later 1ntroduced is fixed to confine the synchronization
time scale and avoid large waiting times. ES;; gives the number of such uniquely
associable, i.e. synchronous, pairs between the two event series. The time-adaptive
choice of temporal delay in the range [0, Tmax] instead of a static choice of delay for the
entire time series makes ES advantageous over ordinary lead-lag correlation analyses.
Such a dynamic choice of delay enables the method to take into account a potentially
changing density of events.
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FIGURE 2.4.: Schematic diagram to illustrate the measure of the degree of synchronization
between two event series using Event Synchronization.

Identification of specific time of high event synchronicity The aforementioned defi-
nition of ES can be further modified to enable us to determine the specific times when
high event synchronization between two event series occurs, while keeping track of the
temporal ordering [111]. Let us consider two sets of event series, A and B. We can
compute ESY ,  (ES%_, 4) by counting the number of events in A (B) that have a
subsequent uniquely associable event in B (A). Then, a low-pass filter can be applied
to the resultant time series of ESY) . 5 (ES%_, ). Finally, the specific times of high
synchronization between the two event series are determined by identifying the local
maxima of the time series that are above a certain threshold (here, 90th percentile)
of the entire time series.

Many oscillators coupled to each other can be modelled as a network of interacting
elements, where the network structure indicates which of the elements interact with
one another. Due to the coupling, the oscillators appear to self-organize, leading to
the emergence of synchronization which then describes a spontaneous transition to
order because of the interaction [70, 113]. Such a synchronization is possible even
in a network of chaotic oscillators [36]. In the real world, we seldom have a detailed
understanding of the coupled system. If the dynamics of the individual oscillators are
known, then one can measure the synchronization between every pair of oscillators in
the network. This synchronization then translates into links between the individual
oscillators that define the structure of the network of the coupled dynamical systems
[114]. One can then get an understanding of the collective behaviour of the interactive
system by studying the network structure, using the elements of graph theory. In the

23



2. Measures of Synchrony

following chapter, we discuss the framework of complex network theory and how we
can study the Earth’s climate using this approach.
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3. Complex Networks

“Learn how to see. Realize that everything connects to everything else.”
— Leonardo da Vinci

3.1. Introduction

One of the most fundamental and pervasive questions in all of science is: How does
collective behaviour emerge from individual behaviour? For example, how does con-
nection between billions of neurons in the brain give rise to properties such as con-
sciousness and memory, or how interactions between different components of the
Earth’s climate system give rise to teleconnections. The Nobel Laureate, Phillip An-
derson, explained in his 1971 paper, “More Is Different” [115], that the ability to
reduce everything in terms of simple fundamental laws does not necessarily imply
the capability to reconstruct the universe starting from those laws, as the construc-
tionist hypothesis fails when faced with the twin challenges of scale and complexity.
The fact that the components of complex systems don’t add up simply to make up
the whole is what makes them complex. Instead the interaction between large and
complex aggregates of individuals can generate entirely new properties at each level
of complexity. As Friedrich Nietszche said, “In individuals, insanity is rare; but in
groups, parties, nations and epochs, it is the rule” The way of interaction between
components of a complex system can have profound consequences, such as spread of
epidemics, population genetics, global synchronization, political revolution, cascading
failure in power grids and so on. Using complex networks to model complex systems
is one such perspective for studying the collective behavior of interactive systems.

A network is a collection of objects connected to each other in some manner. Al-
though structurally simple, networks are powerful representations of many complex
systems which are constituted of large numbers of intricately interacting elements,
pervading all of science ranging from physics to biology, technology, ecology, sociol-
ogy and so on [39]. Some examples are food webs [116], spread of epidemics [117],
electrical power grids [118], citation networks [119], the Internet backbone [41, 120],
online social networks such as Facebook, Twitter [121], and the like. The fundamen-
tal essence of complex network theory is to discover what aspects of the observed
complex behavior of real-world networked systems can be explained on the basis of
the interaction structure alone, neglecting most other details like the dynamics of in-
dividual components or various types of connections. Mathematically, networks have
been studied as graphs, as long ago as in 1736, by one of the greatest mathematicians,
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Leonard Euler, who solved the topological problem of whether there exists a route
to cross the seven bridges of the Prussian city of Konigsberg passing through each
bridge only once, using methods now attributed to graph theory [122].

The study of network topology as graphs is important in order to characterize its
anatomy because it provides hints about the collective dynamics of the network, as
structure always affects function [36]. As an example, flight routes in the network of
airlines played an important role in the spread of the COVID disease [123]. However,
unlike graphs which are objects of pure structure fixed in time, a real-world network
is a dynamic object because it is constituted of numerous dynamical systems. There-
fore, a network is a continuously evolving and self-constituting system leading to the
emergence of some global behaviour, such as synchronization, from the interaction of
its numerous units [124].

The Earth’s climate is one such highly complex dynamical system wherein the
intricate interactions between the various constituents of the Earth (atmosphere, hy-
drosphere, lithosphere, cryosphere, biosphere, etc.) give rise to dynamical patterns,
teleconnections, critical elements and extreme weather events, among many others.
Application of complex networks to understand these phenomena as emergent be-
haviour of the climate system is a macroscopic approach to its study, and is com-
plementary to traditional approaches such as climate modelling [31]. Particularly, in
this thesis, we try to understand some of the aforementioned climate and weather
phenomena using network-based data analysis.

In the following sections, we first introduce the necessary concepts of graph theory
(Section 3.2) and describe the types of graphs we will mainly consider in this thesis.
Thereafter, in Section 3.3, we describe the network measures mainly used in this
thesis to characterize the network topology. Next, in Section 3.4, we explain the
classification of networks into a few broad categories based on some of their properties.
Finally, Section 3.5 focuses on how complex network theory can be applied to study
spatio-temporal climate data with special emphasis on the data and methodology
used in this thesis.

3.2. Mathematical Representation

Definition: A graph G consists of a nonempty set of elements, called vertices, and
a list of unordered pairs of these elements, called edges. The set of elements of G s
called the vertex set of G, denoted by V(G), and the list of edges is called the edge
list of G, denoted by E(G). If i, j € V(G), then an edge of the form {i, j} is said to
join or connect i and j [125].

The number of vertices V(G) denotes the order of the graph (N), while the number
of edges E(G) is termed as the size of the graph (M). Graphs are have been used
to represent different kinds of networks, wherein the vertices of the graph denote
the network elements or nodes, which could be anything, for example, humans in a
network of friendships, animals in an ecological network, cities in an air route network,
routers in a computer network, banks or organizations in a finance network and so
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3.2. Mathematical Representation

a Undirected network b Directed network

F1GURE 3.1.: Schematic diagram of a network with (a) undirected and (b) directed links
respectively.

forth. The edges of the graph depict some predefined relationships or connections
between the nodes of the network, such as friendship, prey-predator relationship,
existence of a flight route, Ethernet connections, business transactions, etc., and are
commonly termed as links of the network. In a network of oscillators, each oscillator
is a node of the network, while the couplings between them could be considered as

links.

The graphs or networks mainly considered in this thesis have the following common
properties:

(i)

(v)

Undirected or Directed: Based on the whether the edges have some inherent
directionality, the network can be directed or undirected. If the relationship
between nodes i and j is symmetric (asymmetric) then the edges are undirected
(directed) (Figure 3.1).

Unweighted: The edges of the network are not assigned any strength. Any
importance a particular edge may assume in a later stage depends solely on its
relationship with other edges.

Simple: At most one edge {i, j} € E can exist between a pair of vertices and
self-loops of the type {i, i} are not allowed.

Sparse: A simple graph is called dense if the number of edges M is close to the
maximum number of edges M. = (g ) which corresponds to a fully connected
or complete graph. The networks considered here are sparse, implying, M <«
Minax. In this respect, the edge density p of the network can be defined as
p = M/Mpax.

Finite: The graph has a finite number of vertices V.
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3. Complex Networks

(vi) Connected: Any vertex can be reached from any other vertex by traversing a
path consisting of only a finite number of edges.

(vii) Spatially embedded: The vertices of a spatially embedded graph are placed in
some general metric space, which may be an abstract space, like the phase space
of dynamical systems, or a physical space like the Earth’s surface, therefore
inducing the notion of the length of edges. Hence, a spatially embedded or
spatial network G = (V, E) carries a mapping V' — S : i — z;, assigning each
vertex i € V to an element z; of a set S and ametric [ : Sx.S — R: (4, 2;5) — 1y
. x; is called the coordinate vector of vertex ¢, and [;; can be used as a measure
of edge length whenever i,j € E.

It may be argued that these assumptions greatly simplify the resulting analysis since
some relationships in real world networks may be more important than the others,
there may exist isolated nodes or groups of nodes, or often multiple types of relation-
ships may exist between the same pair of nodes. However, these assumptions provide
a good starting point to model complex systems, and as we shall see later in the thesis
(Part II), they reveal a great deal about the behaviour of highly complex systems.

Graphs are commonly represented pictorially. However, the order and size of most
real world networks is too large for one to be able to extract any meaningful infor-
mation from it. An adjacency matriz or an adjacency list is used to represent the
interactions encoded in a network which can then be used to compute the graph
properties. The adjacency matrix A(G) is an N x N matrix in which the value of
A;; denotes the strength of the interaction between nodes 7 and j. In case of an un-
weighted network, the elements A;; is either 1 or 0 indicating the presence or absence
of a link between the corresponding pair of nodes, i.e.,

1, ifi, jeFE.
Ay=10 NMhIE (3.1)
0, otherwise.

For an undirected network, the adjacency matrix A is symmetric. The adjacency
matrix of the undirected network corresponding to Figure 3.1a is given as:

01110
10111

Aj=1110 0 1 (3.2)
11000
01100

For a directed network like in Figure 3.1b, the adjacency matrix is asymmetric as
below:
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01110
00111

Aij=11 00 0 0 (3.3)
00000
00100

It is important to mention here that the adjacency matrix representation is pri-
marily used for only formal purposes because the memory required to store a dense
adjacency matrix grows as N2, and therefore, it is computationally feasible for only
relatively small graphs. Most calculations therefore rely on the sparse adjacency list
representation which is a collection of unordered lists where the i** list is a list of
vertices adjacent to the i*® vertex.

In order to characterize the topological structure of the network, network measures
can be defined which allow us to study different aspects of the topology at local,
mesoscopic and global scales [30, 41]. In the following section, we list some of these
measures which have been used extensively in Part II of this thesis.

3.3. Network Measures

Degree: Centrality measures usually assign a number to each node which tells us how
important that node is [41]. The degree centrality uses local information of the
direct neighborhood of a node. The number of neighbours adjacent (connected)
to a given vertex i is called the degree of i, denoted as k;. For an undirected

network, k; is computed as,
N

ki=> Ay (3.4)
j=1
where N is the total number of nodes in the network and A;; is the adjacency
matrix. For example, the degree of node 1 in Figure 3.1a is 3, that of node 2
in 2 and so on. The probability that a node in the network is connected to k
other nodes is given by its degree distribution py.

The degree assortativity coefficient r is a measure of preferential connectivity in
networks based on the node degree, i.e., whether a node of high degree prefer-
entially is linked to other nodes of high degree, and vice-versa. It is calculated
as the Pearson correlation coefficient of degree between pairs of linked nodes,
with its value between —1 < r < 1 [126]. Positive values of r indicate a cor-
relation between nodes of similar degree, with r = 1 meaning the network has
perfect assortative mixing pattern. Negative values indicate relationships be-
tween nodes of different degree — r = —1 implies that the network is completely
disassortative. When r = 0 the network is non-assortative. The degree assorta-
tivity could be used as a way to estimate the level of homogeneity /heterogeneity
of real networks, where a more assortative network is more homogeneous and
vice-versa.
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In case of directed networks, counting of the outgoing links from a node have to
be differentiated from the incoming links to the node. The in-degree k* which
counts the number of incoming links to a node is defined as,

N
kh =Y Aji (3.5)
=1

The out-degree k" which counts the number of outgoing links from a node can
be computed as,

N
B =) Ay (3.6)
j=1

Clustering: Measures such as local clustering coefficient and global clustering coeffi-

30

cient depend upon the information of the neighbours and next neighbours of
the nodes. The clustering coefficient is a measure of the degree to which nodes
in a network tend to cluster together.

The local clustering coefficient [124] of a node i in a network quantifies how
close its neighbours are to being a clique (i.e., a complete graph), that is, the
average probability that a pair of node ¢’s neighbours, j and h, are connected.
Mathematically, we calculate the ratio of the number of links connecting the
direct neighbours of i to the number of all possible connections between them,

> i h=1Aij AinAjn

Ci= ki (ki — 1)

(3.7)

The local clustering coefficient, C;, measures the control over flows between
just the immediate neighbours of a node [41]. Tt indicates spatial continuity in
network.

The global clustering coefficient C, also known as transitivity [41], measures the
average probability that two neighbours of a vertex are themselves neighbours,
for the whole network. It measures the density of triangles in the networks and
is defined as the fraction of paths of length two in the network (triplet of nodes)
that are closed. This is equivalent to the ratio of the number of closed triplets to
the total number of triplets. As a triangle graph includes three closed triplets,
one centred on each node, the number of closed triplets is equal to thrice the
number of triangles.

3 x the number of triangles

C= (3.8)

number of all triplets



3.3. Network Measures

For an undirected network with an adjacency matrix A, the global clustering
coefficient is expressed as:

>igk AijAjeAki
> i ki (ki —1)

and C' = 0 when the denominator is zero. If C' = 1, perfect transitivity occurs
in the network, i.e., the components of the network are all cliques. The global
clustering coefficient is of interest because a higher C' than expected by chance
indicates the formation of localized structures of high connectivity in a network,
e.g., the presence of tightly knit groups characterized by a high density of ties
in a social network.

C =

(3.9)

Spatial length scale associated with a node: Sometimes an estimation of the spa-
tial length scale involved with each node of a spatially embedded network can
provide deeper insight into the collective dynamics, e.g. if the metric embed-
ding space is the Earth’s surface [P2, 48-50]. In such cases, we can define the
mean spatial distance associated with each node based on the spatial distance
between the node and its connected neighbours. For a network embedded on
the Earth’s surface, the mean geographical distance L; of a node i can be com-
puted by calculating the mean of the spatial distances of ¢ from all its connected
neighbours j, along the corresponding great-circles, i.e.,

LijAij (3.10)

1
Li=—
ki

n
j:
where L;; is the great-circle distance between nodes i and j calculated using
the Haversine formula for a spherical Earth projected on to a plane [127].

Common Component Function (CCF): This network measure enables us to mea-
sure the similarity in network topology between two different networks. For
two unweighted, undirected networks, G (V, E,) and Gy(V, Ep), defined on the
same set of nodes V' but with links F, and Ej respectively, the common com-
ponent function CCF(G,, Gp) counts the number of common links n(E, N Eyp)
between the pair of networks [128].

CCF(GQ, Gb) _ Zé\[yi:l(i<j) AgJAf]

N a Aa
ji=1<g) A5 A%

, (3.11)

where N is the number of nodes in the set V, A and A® are the adjacency matri-
ces of networks G, and G}, respectively, and Zj‘v,z‘:l(i<j) ALAL = Z%Zl(iq) Al
is simply the number of links in the network G, . Therefore, the normalised
CCF(G,, Gp) takes values between [0,1]. This implies that if the networks G,
and G} are completely identical then CCF(G,, Gp) = 1, and CCF(G,, Gy) is 0

if they have no common links.
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FIGURE 3.2.: Schematic representation of (a) Regular network, (b) Erdés-Rényi random
network, (c¢) Watts-Strogatz network have small world property, and (d) Barabdsi-Albert
network having a scale free degree distribution.

3.4. Types of Networks

Networks can be broadly classified into a few categories based on various aspects such
as topological structure, type of connectivity, whether defined on a spatial or temporal
domain, time evolution, etc. Below we describe briefly some of these classifications.

3.4.1. On the basis of topology

The pattern of connections between the nodes of a network can range from being
completely ordered to completely random. Real world networks have a complex
structure which is neither completely regular nor completely random. On the basis
of topological structure, four basic types of networks are typically used to model real
world networks, as described below.
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Regular (ordered) networks: These networks consist of a fixed number of nodes, each
of which is connected in a specific way to a number of its neighbors via the same
number of links (Figure 3.2a). The network becomes fully connected if each node
is linked to every other node. Regular networks are locally clustered but do not
exhibit efficient transfer of information.

Random networks: In the classical or Erdés—Rényi networks [129], the nodes are
connected at random (Figure 3.2b). The degree distribution of the nodes of the
network is a Poisson distribution. However, a more realistic random network in
space could also be defined by considering the relationship between the internode
spatial distance, which could be the great-circle distance if the metric embedding
space is the Earth’s surface, and the connection probability [130]. Random
networks do not exhibit local clustering but can transfer information efficiently.
On the other hand, they are not stable as communication can easily be hampered
by removal of nodes or links.

Small-world networks: A desirable property in real-world networks is that they should
be efficient in processing information but, at the same time, be stable. A small-
world network not only exhibits a high degree of local clustering, but also has a
small number of long-range connections added at random for efficient informa-
tion transfer. The Watts-Strogatz networks is one such family of small-world
networks [124] (Figure 3.2c).

Networks with a given degree distribution: The network structure may be charac-
terised by a variety of degree distributions such as truncated power-law distri-
butions [129], Gaussian distributions [131], power-law distributions [120], and
distributions consisting of two power laws separated by a cutoff value of degree
[132, 133]. An interesting property of most real world networks is that there
exists a small number of nodes with unusually high degree called as ‘hubs’,
which in some cases are known to have a dominant effect on the behavior of the
network as a whole [41]. By having a few nodes with a large number of links and
many nodes with fewer links, these networks exhibit the small world behaviour.
This property of the network architecture wherein the degree distribution has a
long tail indicating the presence of a few very high degree nodes (supernodes) is
often associated with power law distributions, pi oc k™7, in which case they are
termed as scale-free networks [120, 134] (Figure 3.2d). In Chapter 6, we use the
property of existence of hubs in the real-world networks to test the significance
of the degree distribution of the forecast error networks against that of random
networks.

3.4.2. Based on the type of connectivity

Based on whether the interactions in the network represent actual physical connectiv-
ity or statistical dependency, networks can be fundamentally classified into structural
and functional networks [30, 32].
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Structural networks: These networks reflect the topological architecture, on a certain
level of abstraction, of existing connections between objects (e.g., computers,
neurons, columns of neurons), which may either be physical connections (e.g.,
internet, power grids, neuronal networks) or abstract relations (e.g., world wide
web, social networks, citation networks).

Functional networks: In most cases, the complete knowledge of the interactions in
a complex system is lacking, and thus the structural network topology is not
known. In such cases, knowledge of functional dependence is inferred solely from
the measured or simulated dynamics of subsystems by detecting and assessing
similarities in their dynamical behavior. The resulting topological intercon-
nections between the components of the network are referred to as functional
networks, which may not necessarily represent but are expected to have close
resemblance to the real physical connectivity of the system. Therefore, un-
like structural networks, they do not directly allow us to draw conclusions on
a causal interrelationship between the dynamics of the different components.
Brain networks [135] and climate networks [40] are two archetypal examples
of functional networks. This implies that special emphasis has to be given to
physical arguments when interpreting topological features of these networks.
Almost all reconstructed complex networks from climate data in Chapters 4-6
are functional networks.

3.4.3. Spatial versus temporal similarity networks

Spatial similarity networks: These networks are based on fields of time series, such
as a spatio-temporal climate dataset [30], wherein similarity is measured be-
tween two nodes distributed in space. Climate networks regarded in this thesis
(Chapters 4-6) are examples of spatial networks.

Temporal similarity networks: Such networks are sophisticated techniques used in
nonlinear time series analysis. Examples include recurrence networks [136]
which make use of graph representations of similarity relationships between
state vectors or groups of state vectors to represent a single time series, visi-
bility graphs in time domain [137], etc. Such networks are outside the current
scope of this thesis.

3.4.4. Static versus Evolving Networks

Real-world networks are dynamical objects. Therefore, the dynamics of nodes are
continuously evolving and so are the relationships between the different pairs of nodes
in the network. In this thesis, we consider the number of nodes to be fixed, while the
connections between nodes may vary with time. Depending on whether or not the
assumption of stationarity of the dynamics of the nodes is taken into account, two
types of similarity networks are considered in this thesis:

34



3.5. Complex network approach for spatiotemporal analysis of Climate data

Static networks: For a stationary system, the functional dependence between its
components does not explicitly depend on time. In such cases, similarity be-
tween the nodes of the network are computed for the entire time period, and the
functional network can essentially be considered to represent the time-averaged
interactions between the components of the networks for that time period. Such
networks have been used in Sections 5.2 and 6.3.

Evolving networks: In order to detect dynamical transitions or changes in the in-
teraction pattern in the network, sliding window-based analysis could be done
using the functional network approach [138-140]. In this case, the entire time
period is divided into overlapping or non-overlapping time windows, and then
spatial similarity networks are computed for each window. The time-evolving
networks can be treated as successive snapshots of the interaction structure
of the complex systems and the dynamics are assumed to be stationary for
the duration of a single time window. Evolving complex networks capture the
mechanisms that contribute to the system’s evolution. They are of particular
importance to study real-world networks [138, 139, 141, 142] which undergo
structural changes (addition or deletion of nodes and connections) as the sys-
tem dynamically evolves (such as growth or aging processes). They exhibit rich
dynamics, such as, structure formation and evolving collective behaviour among
the elements. Sections 4.2, 5.3 and 6.5 employ such time-evolving networks to
study changes in the network topology due to some climate or extreme weather
phenomena. In Section 4.3, we define time-evolving networks defined in a way
such that each network truly represents instantaneous interactions between the
nodes.

3.5. Complex network approach for spatiotemporal analysis
of Climate data

3.5.1. Overview

Inferring relationships between the climate observables of two regions using corre-
lation, among other statistical methods, has been a common approach for meteo-
rologists. Correlations between the climate fields of different places are popularly
represented using one-point correlation maps or teleconnectivity maps and have been
extensively used to detect teleconnections [98, 99, 143]. However, due to the atmo-
spheric data being excessively huge, the very large number of pairwise comparisons
does not allow us to directly obtain a complete visual appreciation of the patterns of
relationship in them. In recent decades, complex networks have been used extensively
for inferring interrelationships from spatio-temporal data of spatially extended sys-
tems like the human brain [135] or the Earth’s climate system [40]. Although there
have been major advances in the modelling of the Earth’s climate [P1], our knowledge
on the various components and the intricate interactions among them has been lack-
ing. Functional network approaches to analyze the climate data from observations or

35



3. Complex Networks

FIGURE 3.3.: Schematic representation of climate network: spatial grid points of an under-
lying climate dataset are considered nodes (orange dots). The interaction I;; between the
dynamics of any two nodes i and j is estimated using some similarity measure or physical law
to obtain the links.

models, termed as climate networks, have proven useful to understand the functioning
of the highly complicated climate system, and thus gain insight into the real physical
connectivity of the system [31].

The nodes of a climate network are identified with the spatial grid points of an
underlying global climate data set, and therefore are, in general, embedded in the
four-dimensional space-time. If networks are constructed only for a particular surface
above the Earth’s surface, then the three dimensional embedding space-time consists
of the space coordinate in terms of the latitude and longitude of a grid point and
the time coordinate, although the two spatial coordinates now can be further be con-
densed into a single dimension. The central idea behind climate networks is akin
to that of inferring functional dependencies from a network of oscillators when the
coupling topology is not known [30, 114, 144-146]. However, the climate network
approach is based on the assumption that the dynamics of the climate system can
be approximated by a grid of low dimensional nonlinear dynamical systems interact-
ing only with their spatial neighbors according to the locality principle of classical
physics. Each node is considered to represent a dynamical system whose dynamics
can be measured, and in this case, provided by the corresponding time series of the cli-
mate observable at that location. The degree of synchronization between any pair of
nodes can be measured (Section 2.2.2) and if two nodes are significantly synchronized
with each other, then they are connected by links. The synchronization pattern so
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3.5. Complex network approach for spatiotemporal analysis of Climate data

obtained consists of nodes that are locally correlated as well as those with long range
correlations which can be useful to identify teleconnections. Thereafter, the collective
dynamics of these interacting grid points can be studied using network measures, as
defined in Section 3.3.

In must be noted that, throughout this thesis, we will construct climate networks
using only a single climate variable. However, links based on statistical interdependen-
cies between multivariate time series describing the dynamics of multiple observables
recorded at the same locations/nodes can be defined using more general multilayer
network approaches [147], which are not covered in this thesis.

In the following, we illustrate the general recipe for constructing climate networks,
discuss the similarity measures used according to the type of the climate data, and
discuss the effects of spatial embedding.

3.5.2. Construction and Analysis of Climate networks

Each geographical grid-point of the climate dataset has an associated time series or
value at a particular time instant. The climate network is a representation of the
interactions or interrelations I;; between the grid points 7 and j, computed by using
some synchronization (similarity) measure (Section 2.2.2) or physical laws (Figure
3.3). The climate network can then be constructed by thresholding the interaction
matrix I;;, such that only edges {i, j} that satisfy I;; > 7 are considered as linked,
where 7 is the threshold.

The choice of the threshold 7, is made such that only connections that are statisti-
cally significant with respect to a reasonable test are maintained while the rest which
do not meet the criterion are rejected. The significance of the similarity or interaction
value for a given pair of time series is tested against randomly shuffled surrogates of
the time series. Other methods for constructing surrogates such as Fourier surrogates
and twin surrogates can also be considered. Furthermore, the choice of 7 reflects
a trade-off between the statistical significance of links and the richness of network
structures revealed. In particular, it is desirable to include the long distance links
with high similarity/interaction value which are responsible for many interesting and
non-trivial features of climate networks, such as the small world property or hubs,
and may potentially be associated with teleconnections [30]. When comparing the
properties of different climate networks, e.g., time-evolving networks (Chapter 4, and
Sections 5.3 and 6.5) or networks generated with different similarity measures (Sec-
tion 5.3), we choose to fix the edge density p, whose choice is still guided on the basis
of the above discussion, which results in different thresholds 7 for the networks.

The adjacency matrix A;; of the climate network can therefore be written using
the Heaviside function ©(z) as A;; = O(|1;;| — 7) — di5, where 6;; is the Kronecker
delta (subtracted in order to remove self-loops).

Following the construction of climate networks, the network architecture can be
analysed using network measures, some of those that are used in this thesis are defined
in Section 3.3.
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3. Complex Networks

3.5.3. Choice of similarity measure

As already discussed in Section 2.2.2, depending on the type of data, different syn-
chronization measures may be used to measure the degree of synchronization between
two time series, and hence to construct the corresponding functional network. Fur-
thermore, depending on whether the climate observable is a scalar or vector, the
quantity computed to estimate the interaction between the nodes may differ, and
thus the climate network construction. For example, as discussed in Section 2.2.2, for
node pairs with long continuous time series, Pearson’s or Spearman’s correlation may
be used depending on whether the data is normally distributed or not. For short time
series, Kendall’s 7 is a better choice. For event-like data, event synchronization may
be used. However, to estimate instantaneous interactions, some physical law may be
necessary to compute the interaction based on the instantaneous spatio-temporal val-
ues of the node pairs. In Table 3.1, the climate variables used in this thesis along with
the characteristics of the data and the corresponding measure of interaction chosen
to construct the climate network representation are listed.

TABLE 3.1.: Climate variable and the choice of measure of interaction for Climate network
construction.

’ Climate variable \ Data Characteristics

Continuous data,
Normally distributed

Measure of Interaction ‘

Kendall’s 7 coefficient is used be-
cause analysis is performed for
short time series (Section 4.2).

Mean Sea Level
Pressure

Biot-Savart Law to estimate di-
rected instantaneous interactions
(Section 4.3)

Relative vorticity | Continuous data

Event-like data

Extreme Precipi-

Event Synchronization (Section

tation 5.2)

Outgoing long | Continuous, non- | Spearman’s rank correlation Co-

wave radiation Gaussian  distribu- | efficient (Sections 5.3 and 6.3)
tion

Zonal and merid- | Continuous, non- | Spearman’s rank correlation Co-

ional components | Gaussian  distribu- | efficient (Sections 5.3 and 6.3)

of wind tion

Geopotential Continuous data Spearman’s rank correlation Co-

height efficient (Section 6.3)

Forecast error of
climate variables

Continuous data,
non-Gaussian distri-
bution

Spearman’s rank correlation Co-
efficient (Chapter 6)
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3.5.4. Correction due to Spatial embedding

The climate network analysis performed in this thesis is mostly limited for a certain
region of the Earth’s surface. The introduction of such spatial boundaries cuts the
links that would connect the considered region with outside regions. This artificially
reduces the degree of the nodes and the number of long links, and also influences
the spatial patterns of any other network measure. Boundary effects depend on the
distribution of link lengths and on the network measures themselves. As more links
are cut for nodes closer to the boundaries than those deep inside the region, the degree
of the nodes near to the boundaries has a stronger reduction compared to those in
the interior. In the case of the clustering coefficient, which depends on topological
paths of length three, it is seen that nodes along the boundaries tend to have a higher
tendency to cluster, while for mean geographical distance the effects of boundaries
become more complex (see Fig. 1 in Supporting Information of Boers et al. [50]).

In order to avoid any spurious conclusion arising solely from the effects of the spatial
embedding [130], a correction procedure needs to be adopted [148] for the considered
network measures, especially if the climate phenomena under investigation is a highly
localized event and affects a much smaller area compared to that of the whole network,
as in the case of detection of tropical cyclones (Section 4.2). The correction procedure
is as follows:

o First, 1000 spatially embedded random networks (SERN) that preserve both
the node positions in space and the link probability are constructed, depending
on the spatial link lengths of the original network.

e Then, each of the considered network measures are computed for all the SERN
surrogates.

e The boundary effects on the network measure is estimated by taking the average
of that measure over the ensemble of surrogates.

e Finally, the corrected network measure is obtained by dividing the network
measure of the original network by the corresponding average measure of the
SERN surrogates.

As the corrected network measure gives the value of the network measure relative
to the value expected from the spatial embedding, it is dimensionless. The SERN
surrogates can also be used to test the significance of the network properties of the
original climate network against that of the spatially embedded random networks.

In the subsequent part of the thesis, we apply the theoretical methods discussed in
this part to study various climate phenomena from observation and model data.
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Part Il.

Applications

This second part of the thesis applies the concepts and tech-
niques explained in Part I to real-world problems and data
in the context of Earth system analysis. It focuses on ap-
plication of complex network approaches to characterizing
patterns of weather variability during the occurrence of cy-
clones and quantifying the stages of interaction between bi-
nary cyclones. Next, the intraseasonal variability of spatial
synchronization patterns of Asian Summer Monsoon is in-
vestigated which yield insights into the underlying climate
processes. The impact of the El Nino-Southern Oscillation
on the spatial co-variability patterns of convection anomalies
associated with the Asian Monsoon system is investigated.
Finally, the applicability of complex networks to gain under-
standing of the origin of forecast errors, in the context of the
Asian Summer Monsoon, is demonstrated.
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4. Tropical Cyclones: Detection and
Binary Cyclone Interaction

“’Tis the Whirlwind, that has driven out Zeus and is King now.”
— Aristophanes, The Clouds

4.1. Introduction

Cyclones, also known as typhoons, hurricanes, etc., in different parts of the world,
are amongst the most destructive natural hazards on Earth. Cyclones over tropical
or subtropical waters are highly organized warm-core non-frontal vortical systems
that lie within the synoptic scales and are formed as a result of significant convec-
tive activity. They are characterized by a low pressure center [149] that produces
strong inward-spiraling winds. A tropical cyclone can cause severe widespread dam-
age to land infrastructure, especially when it makes landfall along densely populated
coastlines, disrupting human lives and even resulting in numerous casualties as it is
accompanied by torrential rains and violent winds [150]. The increase in occurrence
of severe destructive cyclones in the recent years has raised genuine concerns world-
wide. Numerous studies have shown that this may be attributed to human-induced
climate change which has led to an increase in sea surface temperature as well as the
moisture carrying capacity of the atmosphere, therefore possibly causing rapid inten-
sification of tropical cyclones, higher precipitation rates and increased probability of
occurrence at higher latitudes [151]. Understanding the behavior of cyclones is thus
of paramount interest to weather forecasters and policy makers.

As the climate network approach enables us to study the interaction structure of
the climate system, it has been used to investigate the topological and dynamical evo-
lution of several climate phenomena which occur over annual or seasonal time scales
such as the El Nino-Southern Oscillation (ENSO) [43-45], Indian Summer Monsoon
(ISM) [48, 49], South American Monsoon [152], etc. Such an understanding has aided
the construction of prediction schemes, such as forecasting the magnitude and occur-
rence of ENSO [43-45], the onset and withdrawal of ISM [53] and of extreme floods in
eastern Central Andes [52]. In this context, understanding the temporal evolution of

This chapter is based on the associated publications Gupta et al. [P2] and De et al. [P3], both
licensed under a Creative Commons Attribution (CC BY) license. The sections in this chapter
closely follow these publications.
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network topology of the regional weather system during individual tropical cyclones
is an important step towards the study of its predictability. However, one of the main
challenges faced when applying the functional network framework to study individ-
ual cyclone events is that cyclones are highly localized extreme weather events with
a short lifespan (7-10 days on an average), which makes it challenging to devise a
suitable method to quantify their spatial patterns of variability. In terms of climate
networks, it is difficult to describe the strength of the pairwise interactions between
the nodes, instantaneously or averaged over a short time period. While some earlier
works based on climate network approaches have attempted to investigate the spatial
characteristics of extreme rainfall synchronicity [54, 153, 154], limited attention has
been given towards understanding the temporal evolution of network topology of the
regional weather system during individual tropical cyclones.

In order to understand whether the climate variability at weather time scales are
organized in patterns, the topological and dynamical evolution of the regional weather
conditions has to be studied. One possible way to approach the problem involves the
construction of climate networks over rather small spatial regions (cyclone basins),
which evolve in time according to the time scale of the extreme weather event, i.e., the
underlying interaction structure of the meteorological fields cannot be considered as
static (see Evolving networks in Section 3.4). Time-evolving complex networks have
been used to investigate failure propagation in power-grids [155, 156], hierarchical
structures in the brain [36, 157, 158], structural differences in the interconnectivity
of the climate system between El Nino and La Nina conditions [140], early-warning
of El Nino events [43-45], transition of regional connectivity during the South Amer-
ican Monsoon onset [152], and the multiscale nature of Australian Summer Monsoon
development [159].

Characterizing the spatial organization pattern of the weather variability during the
occurrence of an extreme weather event, such as a cyclone, is different from studying
how this organization takes place. The former is the generalization of the problem
to identify the track of a cyclone in the cyclone basin in a given time span, while
the latter involves tracking the reorganization of the interaction structure at almost
instantaneous time scales. Therefore, different methods of constructing evolving net-
work are required in the two cases. In this chapter, we attempt to solve both these
problems in the context of cyclones. In the first case, we use functional networks con-
structed over overlapping short-length sliding time windows to compare the spatial
patterns of the various topological properties, such as degree and clustering coefficient
(Section 3.3), and the spatial scales involved, for short time frames around the occur-
rence of individual cyclones (Section 4.2, [P2]). For the second case, we deal with the
specific problem of interaction between two cyclones when in close proximity, known
as the Fujiwhara interaction, which eventually leads to the cyclones completely merg-
ing into one cyclone. We study the evolution of the instantaneous vorticity field as
a directed spatio-temporal network by estimating the induced velocity between the
flow elements by means of the Biot-Savart law (Section 4.3, [P3]). The adoption of
induced velocity network based on the Biot-Savart law has been successfully used to
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study the turbulent flow dynamics [160], which we extend to investigate flow dynam-
ics in cyclonic systems here. It must be mentioned here that this approach can also
be used to study the dynamical changes in the vorticity field during the genesis of
cyclones. In contrast to the previous network approach which depicts only statistical
relationships, the induced velocity networks represent real physical links indicating
the induction of velocity by one flow element on the others. We use directed network
measures such as in-degree and out-degree (Section 3.3) to quantify the mutual inter-
action between two cyclones when they are in close vicinity. Finally, we summarize
our findings in Section 4.4.

4.2. Detection of Tropical Cyclones

In this section, we study the topological and dynamical evolution of the regional
weather conditions over a particular cyclone season. We characterize the spatial
patterns of weather variability by quantifying the topological properties of the time-
evolving functional networks constructed over overlapping short-length sliding time
windows. Our analyses show that the regional system undergoes a characteristic
spatial reorganization in the connectivity structure during a cyclone in such a way
that the network measures are in close correspondence with the cyclone tracks. We
also confirm that our inferences hold true for different cyclone basins irrespective of
the differences in the complexity of their dynamics.

In Section 4.2.1, we list the employed datasets, explain our choices of the spatial
and temporal resolutions, and then outline our methodology. We then discuss our
results in Section 4.2.2.

4.2.1. Data and Methodology
Data

In this study, we use the state-of-the-art ERA5 reanalysis data for 3-hourly mean
sea level pressure (MSLP) [161, 162] over the sea. As the cyclones can undergo
both a rapid intensification and weakening within a span of a few hours, the use of
the 3-hourly temporal resolution ensures a high enough temporal auto-correlation.
Moreover, as the cyclones are short-lived, with a typical lifespan of ~ 3-10 days, the
sub-daily resolution adds more time points to the period in consideration. MSLP ex-
hibits stronger variability at higher frequencies than sea surface temperatures (SSTs)
or surface air temperatures (SATSs), which enhances its sensitivity towards cyclone
signals and thereby increases the possibility of capturing cyclones in MSLP networks
for the duration of their lifetime. The entire availability period of the dataset is from
1950 to present, available at hourly resolution. The daily climatology is computed as
the mean of the daily MSLP values over a period of 40 years (1979-2018). We remove
the seasonal cycle from all time series of the dataset, by calculating the anomaly time
series, i.e., subtracting the daily climatology of each day from all the hours of that
day.
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FIGURE 4.1.: Evolving networks for the Sep—Oct—Nov—Dec season. Networks are constructed
over a time window of 10 days. Successive windows have 9 days of overlap. (Taken from Gupta
et al. [P2])

The spatial resolution of the MSLP dataset plays a significant role in the identifi-
cation and tracking of cyclones [163]; the probability of detecting cyclones increases
with an increase in the resolution of the dataset. We use a high spatial resolution of
0.75° x 0.75°, which proves to be sufficient for our analysis. As the MSLP large-scale
patterns are not so well determined by the land-sea boundary, and most cyclones
originate over the sea and dissipate shortly after landfall, we analyse the MSLP spa-
tiotemporal dataset over the sea only. Furthermore, it should be noted that the MSLP
over land is estimated by extrapolation of surface pressure in the models used in the
ERAS reanalysis and therefore may introduce artificial inconsistencies if compared to
sea values. Our results in Section 4.2.2 show that the omission of land points does not
affect the analysis of land-crossing cyclones (Figures 4.2 and 4.4), rather the network
measures over land can get affected by the orography (Figure A.1).

We generate cyclone tracks from the Best Tracks data available over the north
Indian Ocean basin (entire availability period of 1982-2020, Indian Meteorological
Department) and the north Atlantic Ocean basin (entire availability period of 1851-

2019, HURDAT?2, NOAA [164]) to compare them with the results obtained from our
analyses.

Time-Evolving Functional networks

In accordance with the idea of evolving networks (Section 3.4.4), we divide the re-
analysis data into overlapping short time windows and construct a climate network
for each of these windows. The length of the time window is taken to be 10 days,
which is of similar time scale as that of the typical lifespan of cyclones, to capture
the effect of cyclones on the dynamical and structural evolution of the network bet-
ter. The successive time windows have 9 days of overlap, i.e., the climate network
evolves in daily steps (see Figure 4.1). It should be noted, that the obtained results
in Section 4.2.2 do not have a strong dependence on the chosen parameters — net-
works constructed for time windows spanning up to 15 days yielded similar results.
Following the method of reconstruction of evolving climate networks, every node or
spatial grid point of the cyclone basin is associated with a 3-hourly 10-day anomaly
time series, i.e., 80 time points at each grid point.
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We employ the functional network representation (Sections 3.4.2 and 3.5.2) of the
spatio-temporal climate dataset to encode the strong statistical linkages between
every pair of involved time series. We choose Kendall’s 7 coefficient computed at zero
lag as the similarity measure for the network construction as it is known to perform
better than other measures such as Pearson’s correlation coefficient for short time
series (Sections 2.2.2 and 3.5.3, and Table 3.1). It should be noted that a positive
time lag may be used for cyclones with a slower translation speed, such as those in
the Atlantic Ocean, in which case the information transfer cannot be assumed to
be instantaneous. We only take into account correlation values that are statistically
significant at a confidence level of 0.05 and set all other values to zero. The cross
correlation matrix so obtained is symmetric.

The time-varying climate network adjacency matrices A(t) for every time window
are constructed by considering the strongest 5% of the significant correlations to
define the links (Sections 3.2 and 3.5.2). Among the thresholds ranging from 80" to
99.5' percentile of the correlation matrix, 95 percentile was found to be the optimal
choice for all our networks. The evolving networks so obtained are undirected and
unweighted.

Analysis of network topology

We analyze the time variation of the topology of the interaction patterns in the re-
gional climate system of the cyclone basin by using global and local network measures
to characterize the climate networks [30, 50, 145, 146, 165]. Several commonly used
network measures [39, 41] are adopted, namely, the degree centrality (Eq. (3.4)),
the mean geographical link distance (Eq. (3.10)), and the local and global clustering
coefficients (Eq. (3.7)-(3.9)) which are explained in Section 3.3. The degree centrality
k; enables us to identify the important regions based on their number of connections.
Regions with higher connectivity have larger values of k, while regions of low k val-
ues are indicative of a small-scale atmospheric process and are often related to large
topographic barriers [48, 49, 51]. The mean geographical distance £; provides the in-
formation of the spatial length scale involved with the cyclones. The local and global
clustering coefficients indicates whether localized structures of high connectivity are
present which indicates regions of spatial continuity in the network.

Necessity of correcting boundary effects

As cyclones are highly localized extreme weather events, the networks are constructed
over areas of cyclone formation, i.e., cyclone basins, instead of taking the full globe
into consideration to enable a detailed understanding of the regional weather system.
As mentioned earlier, we only consider grid points at sea. Therefore, in addition
to the boundaries of the cyclone basin, the coastlines also spatially confines the re-
gional networks. However, the introduction of such spatial boundaries affect the net-
work measures [148] (Section 3.5.4) as the effect of spatial embedding now becomes
anisotropic on the network. Furthermore, the area covered by the nodes affected by
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FIGURE 4.2.: Comparison of degree (a) and (d), mean geographical distance (b) and (e) and
local clustering coefficient (c) and (f) fields before and during Very Severe Tropical Cyclone
Gaja (Nov 10-19, 2018). Figures in a given column have the same colour scale. (a)—(c) shows
the network measures before the cyclone for the period Oct 29-Nov 7, 2018. (d)—(f) shows
the network measures for the period Nov 10-19, 2018 during the cyclone. The cyclone tracks
are represented by solid black circles whose sizes are scaled according to the cyclone intensity.
(Taken from Gupta et al. [P2])

the cyclone is much smaller than the area of the cyclone basin, and therefore the
detection of cyclones are more prone to boundary errors. In view of the above argu-
ment, correction of effects due to spatial embedding is important. We therefore apply
the correction procedure described in Section 3.5.4 based on Rheinwalt et al. [148] on
the network measures before interpreting the results in Section 4.2.2.

4.2.2. Results and Discussion

We use the network-based methodology, described above, to study some recent cy-
clones in the North Indian Ocean (NIO) basin, extending from 49.5°E to 100°E and
from 34.5°N to 4.5°N. Due to the annual cycle of the background vertical shear of
the horizontal winds [166, 167], the NIO basin has a bimodal cyclone season [168—
170] — pre-monsoon (March-April-May; MAM) and post-monsoon (September to
December; SOND) — both of which are during the monsoon transition periods. The
cyclone frequency in the post-monsoon season is comparatively higher than that in
the pre-monsoon season mainly because of the difference in the mean relative hu-
midity between the two seasons [169]. We concentrate on the cyclones which have
occurred in the SOND season over the last decade (2009-2018).

We show a comparison between the network measures before and during the Very
Severe Cyclonic Storm (VSCS) Gaja, which formed in the Bay of Bengal and later
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FIGURE 4.3.: (a) Degree, (b) mean geographical distance and (c) local clustering coefficient
fields for network constructed over the period Oct 2-11, 2018, during the Very Severe Tropical
Cyclones Luban (Oct 6-15, 2018) in the Arabian Sea and Titli (Oct 8-12, 2018) in the Bay
of Bengal. The cyclone tracks are represented by solid black circles whose sizes are scaled
according to the cyclone intensity.(Taken from Gupta et al. [P2])

crossed the Indian peninsula into the Arabian Sea, in Figure 4.2. There are no definite
patterns in the spatial distributions of the degree, mean geographical distance and
local clustering coefficient fields in the absence of a cyclone, as seen, in Figures 4.2a—c,
from the plots of these fields for the network corresponding to the period Oct 29—Nov
7, 2018. However, the networks measures undergo a spatial organization and exhibit
definite patterns, as shown in Figures 4.2d—f, during the period Nov 10-19, 2018, when
the cyclone had occurred. Along the cyclone track, the nodes have lower degree k;
than those in the surrounding regions (Figure 4.2d), and the spatial distribution of
the mean geographical distance, .%;, is very similar to that of k; (Figure 4.2¢). This
is because the area affected by cyclones is much less than that of the surrounding
regions since cyclones are highly localized mesoscale convective events. Hence, the
nodes along the cyclone track are only connected to each other and not to the other
nodes, as a result of which, the both k; and .Z; in the affected regions are much less
than those in the unaffected regions. While there are shorter links along the cyclone
tracks (lower values of .%;), longer links connect surrounding regions separated by the
track, as seen from their higher .%; values. Therefore, the cyclone track separates a
region of high connectivity into two. Note that the mean geographical distances in
Figures 4.2-4.5 and Figure 4.7 are dimensionless quantities because of the correction
of bias due to spatial embedding, as mentioned in Section 4.2.1.

On the contrary, the local clustering coefficient field, C;, (Figure 4.2f) is relatively
high in the localised region around the cyclone track, implying spatial continuity in
the network along the track. This leads us to infer that the nodes along the track
form a small, tightly-knit group wherein most nodes have connections with only those
which belong to the group. Naturally, such a group is detached from the rest of the
network and tends to behave as an isolated sub-network. This explains why the nodes
along the cyclone track have high values of C; and lower values of k; and %}, thereby
distinguishing the dynamics of a cyclone from those of the surroundings.

We show the spatial patterns of the network measures for a few other cyclones of
the NIO basin — VSCS Luban and Titli in Oct 2018 (Figure 4.3), VSCS Vardah
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FIGURE 4.4.: (a) Degree, (b) mean geographical distance and (¢) local clustering coefficient
fields for network constructed over the period Dec 9-18, 2016, during the Very Severe Cyclonic
Storm Vardah (Dec 6-13, 2016) in the Bay of Bengal which crossed the Indian peninsula and
formed depression ARB 02 (Dec 17-18, 2016). The cyclone tracks are represented by solid
black circles whose sizes are scaled according to the cyclone intensity. (Taken from Gupta
et al. [P2])
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FIGURE 4.5.: (a) Degree, (b) mean geographical distance and (c) local clustering coefficient
fields for network constructed over the period Nov 3-12, 2015, during the Extremely Severe
Tropical Cyclones Megh (Nov 5-10, 2015) in the Arabian Sea and Deep Depression BOB 03
(Nov 8-10, 2015). The cyclone tracks are represented by solid black circles whose sizes are
scaled according to the cyclone intensity. (Taken from Gupta et al. [P2])

in Dec 2016 which crossed the Indian peninsula and formed the Depression ARB 02
(Figure 4.4), and the Extremely Severe Cyclonic Storm Megh and Deep Depression
BOB 03 in Nov 2015 (Figure 4.5). In all these cases, we observe the similar char-
acteristic behaviour described above, i.e., lower k; and % with higher C; along the
respective cyclone tracks, thereby providing further support to our inference in the
previous paragraphs.

A time series of global clustering coefficients, C', of the successive networks can be
constructed for each of the cyclone seasons. In Figure 4.6, we plot the values of C'
for the 2018 SOND season of the NIO basin versus the dates corresponding to the
middle of the respective network periods. We observe that at least one cyclone event
is associated with those networks having relatively large values of C. This implies
that networks have greater transitivity during cyclones because of the presence of
localised structures of high connectivity. Note that the choice of plotting C versus
the middle date of a network period brings in a temporal tolerance of +5 days since
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each network spans over 10 days.
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FIGURE 4.6.: Global Clustering Coefficient (blue) for evolving networks of 2018 NIO cy-
clone post-monsoon (Sep—Oct—Nov-Dec) season plotted against the date corresponding to
the middle day of the network period. Networks containing cyclone events show high global
clustering coefficients. (Taken from Gupta et al. [P2])

Furthermore, we confirm our findings from analyses of cyclones in the North At-
lantic Ocean (NAO) cyclone basin during the period August-September, when the
hurricane season is at its peak in the basin, using our network-based methodology.
The region under consideration extends from 10°N to 42°N and 42°W to 100°W.
With the same choice of network window length and time lag as for the cyclones
in the NIO basin, we observe similar spatial patterns of degree, mean geographical
distance, and local clustering coefficient for Hurricane Irma which took place during
the period Aug 30-Sep 13, 2017 (see Figure 4.7). Hence, a key observation is that
although the basin properties (e.g., sea surface temperature) of the NIO and NAO
basins are different, similar topological evolution of the structure of the underlying
network occurs during a cyclone. Since Atlantic hurricanes typically have a longer
lifespan and are slow-moving, one can opt to choose a longer network period (> 10
days) and a positive time lag while constructing the networks.

Our topological study of evolving climate networks in a cyclone basin shows that
the network connectivity structure goes through a specific rearrangement during a
cyclone. Although there will be a rearrangement in the connectivity structure of the
network during any low pressure system, the above observed signatures are strongest
for cyclones. Since the degree and mean geographical distance are proportional to the
size of the low pressure system, for larger low pressure systems such as the monsoon
trough (see Figure 9 in Stolbova et al. [49]), these measures would have comparable
values with the other regions. Hence, the above observations cannot be uniquely
associated with any general low pressure system formation.
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FIGURE 4.7.: (a) Degree, (b) mean geographical distance and (c) local clustering coefficient
fields for network constructed over the period Sep 1-10, 2017, during Hurricane Irma (Aug
30-Sep 13, 2017) in the North Atlantic Ocean. The cyclone tracks are represented by solid
black circles whose sizes are scaled according to the cyclone intensity. (Taken from [P2])

4.3. Binary Interaction of Cyclones leading to Complete
Merger

In some very active cyclone basins, such as the northwestern Pacific and Atlantic,
multiple cyclone systems can be formed simultaneously. The increase in the occur-
rence of severe cyclones in the recent years due to global warming has also increased
the probability of occurrence of such multiple cyclone events in the Indian Ocean
[171]. Although rare, two cyclones can come within close proximity and interact,
beginning an intense dance about their common center. A number of such weather
events have been previously recorded [172-174]. Known as the Fujiwhara interaction,
this often alters the tracks of the cyclones, making them difficult to forecast [175—
178]. Inaccuracies in predicting cyclone tracks increase the threat to life and property
due to unpreparedness caused by misinformation and the lack of early warning. For
instance, unforeseen heavy rainfall occurred in Taiwan, and the same region of the
Luzan Island of the Philippines experienced landfall of typhoon Parma thrice due
to its interaction with another typhoon Melor in October 2009, causing significant
fatalities and economical losses [179]. Although very rare, the binary interaction may
lead to a re-strengthening of the cyclone, as in the case of Category 3 severe tropical
cyclone Seroja in April 2021 due to its complete merger with Odette [171]. Inter-
action of a cyclone with other cyclonic vortices may also prolong its life span, e.g.,
the Super Typhoon Noru in July 2017 lasted for 19 days due to its successive dual
vortex direct and indirect interactions with typhoons Kulap, Haiting and Nesat [180],
and the prolonged southward trajectory of Seroja was highly unusual compared to
cyclones of similar intensity in the past 5000 years [171, 181].

Several studies [174, 175, 182, 183] based on observational data found that there
were some notable exceptions to binary cyclone interaction events that do not follow
the classical Fujiwhara model of cyclone merger. The presence of large-scale clock-
wise circulation patterns masks the Fujiwhara effect, sometimes even at separation
distances where the Fujiwhara forces are quite strong. Further, large-scale circula-
tion due to the presence of subtropical high or monsoon depression [183-186] and the
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presence of multiple weak cyclonically-rotating meso-vortices [178] pose significant
challenges towards cyclone track forecasts. Till date, a complete understanding and
incorporation of the Fujiwhara effect in numerical weather prediction models to im-
prove cyclone forecasts have not been achieved. Hence, understanding cases of binary
cyclone interaction remains highly relevant.

A complete merger (CM) of two cyclones involves the transfer of energy and vor-
ticity across the different scales in turbulent flow [187]. Previous studies [187-189]
based on theoretical calculations have shown that the diffusion of vorticity from the
inner core region to the inner and outer recirculation regions in a system of co-
rotating vortices is the reason for their merging. However, such inner- and inter-layer
fluid exchanges are not confirmed in real-world binary cyclone interactions. Several
numerical and analytical studies on the interactions of binary cyclones have been
attempted in an effort to understand both two-dimensional [172, 173, 179, 187] and
three-dimensional dynamics [190, 191] of the CM phenomena. DeMaria and Chan
[191] demonstrated that the mutual attraction can be explained using vorticity ad-
vection alone, and is strongly dependent on the initial wind profile of the vortices.
A number of studies [175, 192-196] underlined the significant role of the separation
distance, finding that merging occurs when the sizes of the vortex cores of co-rotating
vortices increase beyond a critical fraction of the separation distance due to viscous
diffusion. Further, several dissipative and convective stages [189, 197] are identified
based on the separation distance in the vortex merging process. However, there has
not been much observation or reanalysis data-based investigation on the dynamics of
CM to compare with these model-based findings. This is partly due to the paucity
of the occurrence of such merging events in nature.

In this section, we suggest an innovative framework by combining the data-driven
complex network approach with elements of fluid dynamics to explore the evolution of
the interactions in the vorticity field between binary cyclones when in close proximity.
We construct time-evolving directed network representation of the instantaneous rel-
ative vorticity field in which we estimate the instantaneous interaction between flow
elements by computing the induced velocity using the Biot-Savart law [160]. The
results show that as the two cyclones approach each other, the ensuing changes in the
network topology can be used to classify the complete merging process into several
interaction stages.

We select two recent examples of binary cyclone systems for our study which even-
tually lead to a CM event — Noru-Kulap (during Jul 23-26, 2017) [180, 198] occurring
in the Northern Hemisphere, and Seroja-Odette (Apr 5-10, 2021) in the Southern
Hemisphere. Due to its Fujiwhara interaction with Kulap and indirect interactions
with other cyclone systems, the Category 4 Super Typhoon Noru which was the sec-
ond most intense tropical cyclone of the Northwestern Pacific Ocean basin in 2017,
became the third longest-lasting cyclone on record in the Northwest Pacific Ocean in
2017 [180]. Noru brought torrential rainfall to southern and western parts of Japan
that triggered widespread flooding and caused huge economic losses [199]. Similarly,
following the CM event of the severe tropical cyclone Seroja with the tropical storm
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FIGURE 4.8.: The regions of interest considered for the network for the analysis of (a) Noru-
Kulap and (b) Seroja-Odette interactions. In the case of Noru-Kulap interaction, the area
extends from 143°E to 169.5°E and from 23.5°N to 35.5°N. For the Seroja-Odette interaction,
the region of interest extends from 102°E to 125.5°E and from 5°S to 25°S. The trajectories
of the cyclones are also shown to justify the selection of the spatial domain. (Taken from De
et al. [P3])

Odette, the merged cyclone Seroja was further strengthened and steered southward
towards Australia. Thereafter, it made landfall as a Category 3 severe tropical cyclone
on the west coast of Western Australia causing significant damage.

This section is organized as follows. In Section 4.3.1, a detailed description is
provided about the source of data and the method of the construction of the network,
which is used in the present study. In Section 4.3.2, first a topological analysis of
the evolving networks is performed to understand the temporal evolution of vortical
interactions between the two converging cyclones (Section 4.3.2), and then we find
that the transitions exhibited by the network measures enable us to classify the stages
of the mutual interaction between the two cyclones which eventually lead to their
merging (Section 4.3.2).

4.3.1. Data and Methodology
Data

We use the relative vorticity (w) data obtained from the state-of-the-art ERA5 re-
analysis dataset [162] to understand the interaction dynamics between two co-rotating
cyclones. Relative vorticity at a particular height above the sea level is defined as
the rotation of air about a vertical axis, relative to a fixed point on the Earth’s sur-
face and calculated as w = % - g—z, where, u and v corresponds to the zonal and
meridional components of the wind velocity at that height, respectively.

Relative vorticity is reported to be more suitable than the MSLP field for captur-
ing the local features in the evolution of cyclones. This because the features of the
small and weak circulations, e.g., that during the onset of a cyclone, are not ade-
quately represented in MSLP field as compared to that in relative vorticity field at
850 hPa [200, 201]. Moreover, use of relative vorticity at heights higher than the sea

54



4.3. Binary Interaction of Cyclones leading to Complete Merger

level instead of MSLP will reduce errors when including land points as explained in
Section 4.2.1. Furthermore, large-scale relative vorticity at lower atmospheric levels
(500-850 hPa), are known to significantly affect cyclones [202-204] and influence their
relative motion in the presence of another cyclone [182]. Many previous studies [172,
179, 190, 205] on binary cyclone interaction found it difficult to correctly incorporate
these large-scale circulations in cyclone models, leading to erroneous predictions of
cyclone tracks. The use of relative vorticity from reanalysis data ensures the inclusion
of these large scale wind circulations.

As already mentioned in Section 4.2.1 that the probability of detecting cyclones
improves with increase in spatial resolution [163], it is important to choose a high
spatial resolution for the data. Furthermore, the relative vorticity, being a wind-
based field, is sensitive to the spatial resolution of the data set [201]. Since here we
are not interested in detecting cyclone tracks but instead want to study the binary
interaction between cyclones, we choose a higher spatial resolution of 0.5° x 0.5° for
this part of the study compared to the previous analysis (Section 4.2.1). The spatial
domain is chosen in a manner that ensures the elimination of any other neighbouring
weaker cyclonic or anticyclonic vortices apart from the considered cyclone pair. So,
inherently, we have made the assumption that the cyclone pair is not affected by the
climate behavior outside the selected spatial region. For the analysis of the Noru-
Kulap interaction, the spatial region of interest extends from 143° E to 169.5° E and
from 23.5° N to 35.5° N (Figure 4.8a). Similarly, in the case of the Seroja-Odette
interaction, the spatial region of interest extends from 102° E to 125.5° E and from
5° S to 25° S (Figure 4.8b). Furthermore, in order to study the rapid intensification
and weakening of the cyclones, and the changes in their mutual interactions, we use a
3-hourly temporal resolution for the relative vorticity data set, similar to that chosen
for detecting cyclone tracks in Section 4.2.1 [P2, 206].

We perform our analyses to obtain the interaction structure of the two-dimensional
relative vorticity field at the lower tropospheric level of 850 hPa, as commonly used for
cyclone forecasts [207, 208]. Vorticity at 850 hPa has a stronger magnitude compared
to vorticity at near surface heights (1000 hPa), especially for weaker circulations
and therefore, is more robust when representing the strong upward motion of air.
Hence, the 850 hPa relative vorticity field exhibits better continuity in the course of
cyclone evolution [200] which is essential to deal with a CM event of two cyclones.
Moreover, weaker cyclones have a shallow-lower tropospheric vertical depth (850-500
hPa) while only the most intense cyclonic systems move with a deeper layer flow
(850-200 hPa) [209, 210] which should be taken into account for producing optimal
forecasts of cyclone tracks with the lowest mean forecast errors [211]. Therefore, we
also investigate the evolution of the network connectivity structure for other higher
tropospheric levels (650 hPa and 700 hPa) such that it includes most cyclones, which
not only allows us to verify the consistency of our results, but also to identify the
transitions in the interaction structure of the binary cyclone system in the three-
dimensional column of the atmosphere.
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FIGURE 4.9.: Schematic illustration of the method of construction of vorticity network for a
binary cyclone system at a given time ¢. The solid red circles in the spatial domain represent
the grid points or nodes of the underlying reanalysis data set. The velocity, induced by the
flow element at node ¢ on node j is shown in terms of V;_,;. w; and w; represent the relative
vorticities of the i*" and j** flow elements, respectively. The dashed square boxes denote the
sizes of the fluid elements at the i*" and j!* grid points. (Taken from De et al. [P3])

We use the climate network framework described in Section 3.5. The network-based
approach is used to study the two-dimensional vortical interactions in binary cyclone
systems at a particular geopotential height. The spatial grid point of the data set
represent the nodes (Figure 4.9). However, here the links between two nodes represent
the instantaneous interaction between the fluid elements at the corresponding grid
points [160, 212, 213] computed using the Biot-Savart law (Table 3.1). The Biot-
Savart law is widely used to calculate the magnetic field induced by a current-carrying
wire in electromagnetic theory [214, 215] and aerodynamic forces exerted by the flow
on complex geometries such as wings using vortex panel methods [216]. Strictly,
the Biot-Savart law is only applicable for incompressible flows, that is, when the
velocity field is divergence-free [160, 213]. The velocity field associated with cyclonic
flows are not divergence-free, especially close to the center of the cyclone. Therefore,
the value of induced velocity found using this method is not necessarily accurate at
all points but is adequate to compare the strength of connections between different
spatial locations. Furthermore, to a good approximation, atmospheric flows can be
considered as incompressible. The assumption of incompressibility have been used in
earlier studies in the modelling of cyclones [217, 218].

Following the Biot-Savart law, we estimate the magnitude of the velocity induced
by the vorticity of a flow element at the i** grid point on another flow element at the
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j" grid point, V;—,; (Figure 4.9) [214] as,

|'Yi’

—_— 4.1
27T|XZ'—XJ‘| ( )

V;—>j =

where, X; and X are the spatial location of the ith and j¥ grid point respectively.
We take the absolute value of the circulation (v; = w(X;)AzAy) of the flow element
at the grid point (node) ¢ as mentioned in Taira et al. [160]. Note that in this case, the
interaction is not computed between the relative vorticity time series of nodes ¢ and
J, but between the relative vorticity values at the two nodes at a given time. Treating
the spatial domain as planar (2D), we compute the Euclidean distance between the
it" and j' nodes represented by | X; — X |. If the number of grid points (nodes)
in the flow domain is IV, then the size of the induced velocity matrix is NxN. The
velocity induced by the flow element by the i*" node on the element at the j** node
(Viy;) is different from that induced by the element at the j* node on the element
at the i** node (Vj=:), and therefore the matrix is asymmetric.

We choose the threshold corresponding to an edge density p = 0.05, which translates
into considering only the highest 5% of the induced velocities to define the links in
our network. This choice of threshold 7 is found to be the optimum choice to retain
connections corresponding to both cyclones, ensuring that the network is not too
dense. Then, the adjacency matrix A(t) at a given time ¢ is constructed as explained
in Section 3.5.2. The velocity induced by a flow element on itself is considered to
be zero, i.e., self connections are neglected (Eq. 4.2). Thus, the unweighted directed
network at a given time whose adjacency matrix A;; is represented as,
4y = {1, if i # j.and Viej > 7 (42)

0, otherwise

In this manner, we construct a time-varying spatial network from the vorticity field
at every time instant to understand the evolution of the binary cyclone interaction.
It is important to emphasize the difference between this method of constructing the
networks and the correlation-based sliding time window network-approach used in
Section 4.2 [P2]. The networks in Section 4.2 are time-averaged networks constructed
over a period of 10 days which are unable to capture the evolution of a mutual inter-
acting binary cyclone system which varies over hourly to daily time scales. Therefore,
instantaneous time-varying vorticity networks are a better alternative to study the
formation of cyclone and study their interaction with other cyclones. However, the
network-approach using Biot-Savart law is only limited to vorticity data, and unlike
correlation networks has not yet been generalized to other climate variables.

Analysis of network topology

We use the network measure degree to measure the centrality of the nodes in the
interacting flow domain. As our instantaneous vorticity network is a directed net-
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work, we distinguish the number of incoming and outgoing links, to and from a node
respectively, in terms of its in-degree (ki) and out-degree (k“!), both of which have
been defined in Eq. (3.5) and (3.6) of Section 3.3 respectively. The in-degree k"
is used to describe the impact of the induced velocities of the neighboring nodes at
the i node in the interaction domain. On the other hand, the out-degree k¢! can
identify the strong vortices which induce velocities over other nodes in the interaction
domain.

Separation distance between cyclones

The separation distance is a commonly used metric to classify the interaction stages
of binary cyclones [183, 219] and the vortex merging process [189]. In the present
study, the position of each cyclone is obtained by tracking the geographical latitude
and longitude of the center as provided by Weather Underground’s Online database
[220]. We use the Haversine formula [127] for spherical Earth projected on to a plane
to calculate the separation distance (d) between two cyclones.

4.3.2. Results and Discussion

We first outline the evolution of the network connectivity structures of the two binary
cyclone systems under consideration and relate it to the variations observed in their
respective relative vorticity fields. Following that, the network-based parameters are
used to characterize the different stages of the merging process.

Degree analysis

1. Noru-Kulap system

We study the interaction between the binary cyclones, Noru and Kulap, and
the effect of the neighbouring air flow patterns in the northwest Pacific [180]
Ocean basin during July 2017. In the colour plots of relative vorticity, w, at
850 hPa in Figures 4.10al-d1 and Figures 4.11al-d1, large positive values of
w imply the strong counter-clockwise rotation of winds, typical for Northern
Hemisphere cyclones [221]. Hence, the two distinct blobs of positive w in each
of these figures denote the two cyclones — Noru marked with the letter ‘N’
and Odette marked with ‘O’ During the period Jul 23-24, 2017, Kulap moves
slightly towards west while Noru has a slight towards eastward movement [198].
Next, during Jul 25-26, their direction of motion changes significantly leading
to a decrease in their separation distance, d, and finally leading to a complete
merger.

We first discuss the binary cyclone interaction during the period Jul 23-24, as
shown in Figure 4.10. On Jul 23, Kulap and Noru are far away from each
other (d ~ 1510 km). The network connectivity structure, at this time, shows
a higher in-degree, k", of the nodes near the centre of Kulap compared to
that of Noru, implying the greater the dominance of vortical influence from the
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FIGURE 4.10.: The distributions of w [(al)-(d1)], k" [(a2)-(d2)], and k¢! [(a3)-(d3)] during
the interaction of Noru (N) and Kulap (K) at the geopotential height of 850 hPa from Jul
23-24, 2017. The snapshots shown here are for the time steps, Jul 23, 06:00 UTC [(al),
(a2), (a3)], Jul 24, 00:00 UTC [(bl), (b2), (b3)], Jul 24, 06:00 UTC [(cl), (c2), (c3)] and
Jul 24, 12:00 UTC [(d1), (d2), (d3)]; the arrows in (al)-(d1) are the wind velocity vectors.
The vorticity contours corresponding to (al)-(d1) are overlaid on the distribution of k™ and
k¢ut for a better understanding of the changes during the Noru-Kulap interaction; positive
vorticity contours are represented by the solid lines while dotted lines indicate the negative
vorticity contours. During the interaction, ki" increases significantly between two cyclones
[(a2)-(d2)] as the cyclones come closer, while k¢“! is high over both the cyclones. The higher
value of k9" at the center of Noru [(a3)-d(3)] implies its stronger impact on the neighboring
nodes. (Taken from De et al. [P3])

surrounding regions on the nodes near Kulap (Figure 4.10a2). The nodes in
the region between the cyclones have low values of ki (Figure 4.10a2). As the
cyclones rotate about each other, the values of k" in the region between the
two cyclones gradually increase (Figures 4.10b2-d2). This may be attributed to
the inter-layer vorticity advection between the cyclones [187, 188]. Also, during
this interaction phase, the nodes in the outer layers of Kulap facing Noru have
higher k™ than those in the outer layers of Noru which face Kulap, thereby
indicating the higher influence of Noru on Kulap. The spatial distribution of
the out-degree, k%%, of the nodes in each of these stages seems to resemble
that of relative vorticity w (compare Figures 4.10al-d1 with Figures 4.10a3-d3).
At all times, the central region of Noru has higher k¢! than that of Kulap.
For both cyclones, the values of k¢! decrease significantly with distance from
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145°E
Kin:

FIGURE 4.11.: The distributions of w [(al)-(d1)], k" [(a2)-(d2)], and k2% [(a3)-(d3)] during
the interaction of Noru (N) and Kulap (K) at a geopotential height of 850 hPa from Jul 25-26,
2017, just before they merge completely. The snapshots shown here are for the time steps, Jul
25, 12:00 UTC [(al), (a2), (a3)], Jul 25, 21:00 UTC [(b1), (b2), (b3)], Jul 26, 06:00 UTC [(cl),
(¢2), (c3)], and Jul 26, 18:00 UTC [(d1), (d2), (d3)]. The vorticity contours corresponding to
(al)-(d1) are overlaid on the distribution of k" and k¢! and the wind velocity vectors are
represented in (al)-(d1) by arrows. The cyclones are at a closer proximity to each other [(al)-
(d1)]. k™ in the region between the cyclone reduces as the merging process begins [(a2)-(d2)];
k2ut is higher over both the cyclones but its magnitude at the centre of Noru increases while
that at Kulap decreases most likely due to vorticity advection [(a3)-(d3)]. (Taken from De
et al. [P3])

their respective centers with the non-cyclone nodes having negligible k% in
comparison. As a result, the effect of the non-cyclone nodes on the dynamics
of the network is inconsequential.

During the period Jul 26-27, Noru propagates northwestwards while Kulap
moves slightly towards the southwest (Figures 4.11al-d1l). During this time
interval, the vorticity core of Kulap diminishes as the inter-layer vorticity inter-
action between the cyclones results in the formation of an unstable connected
structure [222] (Figures 4.11bl-cl). Comparing Figures 4.11b2-d2 with Fig-
ure 4.11a2, we observe a considerable reduction in (i) the average in-degree of
and (ii) the area covered by the high-£/" nodes in the region between Noru and
Kulap. This occurs due to the closer proximity between the two cyclones, which
reduces the area between them that is occupied by their respective outer layers.
At the same time, there is a significant decrease in the values of k¢! of nodes of
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Kulap, accompanied by a simultaneous increase of those of the nodes of Noru
(Figures 4.11a3-c3). When complete merging occurs, k2% values at the location
of Kulap reduce to almost zero (Figure 4.11d3). Note that, in Figure 4.11b2 the
nodes on the side of Noru, opposite to that of Kulap, have high k", although of
a lower magnitude. This may be due to the interaction of Noru with a nearby
vortex which we do not consider in the current study.

In summary, k" provides a quantitative measure of the binary interaction
through vorticity advection between Noru and Kulap, while the relative in-
fluence of one cyclone on another is captured by spatial distribution of k¢“t.

. Seroja-Odette system

In Figures 4.12a1-d1 we plot w at 850 hPa in the region 102°E to 125.5°E and
5°S to 25°S, during the period Apr 6, 2021, 06:00 UTC to Apr 8, 2021, 09:00
UTC, which demarcates the interaction period of the pair of cyclones, Seroja
and Odette, which have been denoted by the letters ‘S’ and ‘O’ respectively.
The regions of large negative w have a strong clockwise wind circulation, as
observed for a cyclone in the Southern Hemisphere [223]. At 06:00 UTC on Apr
6, these two cyclonic systems are ~ 1690 km apart. Around this time, diffu-
sion of vorticity from the center of the cyclone to the outer layers occurs [187,
188], which dynamically changes the shapes of the cyclones. Throughout the
interaction period, Apr 6-7, the geographical location of Odette remains fairly
constant while Seroja continuously approaches it (see Figures 4.12al-cl). As
a result, the separation distance (d) between the cyclones decreases during the
interaction period.

At the initial stage, the nodes near Odette have high values of k" (Figure 4.12a2).
As the cyclones approach each other, the values of ki of the nodes which are
between the two cyclones increase due to the inter-layer vorticity advection [187,
188] (Figures 4.12b2-d2) with Odette lying closer to these high-ki" nodes. Dur-
ing this time, k2! of the non-cyclone nodes are negligible compared to those
within the cyclones, the nodes of Seroja having higher £?“! than those of Odette
(Figures 4.12b3-d3). This implies that (i) the non-cyclone nodes have marginal
effects of the network dynamics and, (ii) the vortical influence of Seroja on its
surrounding regions is stronger than that of Odette, as also inferred from similar
network characteristics for Noru and Kulap previously.

Next, we study the final stages of the Seroja-Odette interaction up to their
complete merger. The spatial distributions of w, k™ and k%% corresponding to
these stages are shown in Figure 4.13. We observe the formation of a dumbbell-
shaped structure[222] (Figures 4.13bl-cl). At this time, the area of the total
region of high-k!" nodes between the cyclones and their average in-degree de-
crease (Figures 4.13a2-c2), as also seen earlier for the Noru-Kulap system. Also,
the spatial distribution of k%! resembles that of w, with nodes corresponding
to Seroja having higher k%“ values because of the advection of vorticity from
Odette (Figures 4.13a3-c3). Finally, when Seroja and Odette merge completely,

61



4. Tropical Cyclones: Detection and Binary Cyclone Interaction

w
o
=

aah

L aah

6® April;06: 00 UTC

110°E 115°C 120°E

o
Py

AN VYV T
VW W N2

7t Aprilz09: 00 UTC

115°E X 105°E_ 110°E  115°E  120°E
FEF T AT T

dl 3355775353335
s 2 B v o
IR :

B3>Daddasd b r -

Ve - - -

inter Arer€€€c e~ -
layer © [EX T "€ ¢ d~812 km .
diffusion 105t  11e"E  115°E  120% X 105°E  110°E  115°F  120°E
b =
@ (1/5); e— o v D— ] I
=

SOET

B E §
FIGURE 4.12.: The distributions of w [(al)-(d1)], k" [(a2)-(d2)], and k¢! [(a3)-(d3)] during
the interaction of Seroja (S) and Odette (O) at the geopotential height of 850 hPa during
Apr 6-8, 2021. The snapshots shown here are for the time steps, Apr 6, 06:00 UTC [(al),
(a2), (a3)], Apr 7, 09:00 UTC [(bl), (b2), (b3)], Apr 7, 21:00 UTC [(c1), (c2), (c3)], and
Apr 8, 09:00 UTC [(d1), (d2), (d3)]. The wind velocity vectors are represented by arrows
in (al)-(d1). The vorticity contours corresponding to the Figures (al)-(d1) are overlaid on
the distributions of k™ and k¢! for a better understanding of the changes of the interaction
between the two cyclones; negative vorticity contours are represented by the dotted lines
while solid lines indicate the positive vorticity contours. Here too, k" in between the cyclones
increases as they approach each other [(a2)-(d2)], while k?*' remains high over the cyclone
nodes. The magnitude of k“* at the centre of Seroja is higher than that at the centre of
Odette [(a3)-(d3)]. (Taken from De et al. [P3])
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FIGURE 4.13.: The distributions of w [(al)-(d1)], k" [(a2)-(d2)], and k2*! [(a3)-(d3)] during
the interaction of Seroja (S) and Odette (O), prior to the CM, at the geopotential height of
850 hPa. The snapshots shown here are for the time steps, Apr 8 12:00 UTC [(al), (a2),
(a3)], Apr 9, 00:00 UTC [(bl), (b2), (b3)], Apr 9, 12:00 UTC [(cl), (c2), (c3)], and Apr
10, 06:00 UTC [(d1), (d2), (d3)]; wind velocity vector of the wind is shown in (al)-(d1) by
the arrows; the vorticity contours corresponding to the Figures (al)-(d1) are overlaid on the
distributions of k" and k¢*!. There is a gradual reduction in the area of the high-k{" nodes
[(a2)-(d2)] while k¢! is much higher at the centre of the merged cyclone [(a3)-(d3)]. (Taken
from De et al. [P3])

there is only a single strong vortex in the system (Figure 4.13d1), and the blob of
high k2% values which was originally centred at Odette vanishes (Figure 4.13d3).

Thus, from our findings, we make the following generic inferences which are true
for binary cyclone pairs in either hemisphere:

— ki™ provides a quantitative measure of the interaction via vorticity advection
between a pair of binary cyclones.
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— k%% captures the relative vortical influence of a cyclone on its surrounding
regions.

— The average value of k" of the nodes in between the binary cyclones increases,
reaches a maximum value and then decreases during the merging process.

— Most of the links to the high k" nodes in between binary cyclones during
the intermediate stages of their merger emanate from the stronger of the two
cyclones.

— The simultaneous decrease of k¢! of the nodes in the central region of one
cyclone and the increase of k%“ at the core of the other during the merger
implies the advection of vorticity from one cyclone to the other.

— The sharp decline of k%! beyond a certain radius of a cyclone implies that
the nodes within a cyclone form a highly-connected isolated group within the
network [P2]. This also makes the cyclones clearly identifiable from vorticity
networks.

— The values of k% are an order of magnitude higher than those of £, implying
that the stronger interactions in the network come from the nodes concentrated
at the centres of the cyclones while, the nodes in between the cyclones are
primarily influenced by the cyclone having higher k¢“t.

Identification of interaction stages leading to cyclone merger

The classification of the various stages of a binary cyclone merger is a complicated
task because the wind shear across the different vorticity layers and the changing wind
speeds at different geopotential levels add additional complexity to the analysis. In
the previous section we noticed, in particular, that k" increases at the nodes between
the binary cyclones during the initial stages of the merger and decreases thereafter.
Therefore, in order to characterize the different interaction stages we compute the
mean of the 95" percentile of k" of the network, which we denote as <ké’gth>, and
study its variation during the entire merging processes of the binary cyclones analyzed
above.

1. Noru-Kulap system
In Figure 4.14a, we plot the values of < kgg“,> for the vorticity fields at 850 hPa,
700 hPa and 650 hPa, during the interaction period of the cyclones Noru and
Kulap. All of them show a similar overall trend — increases, reaches a maximum
value and then decreases. We observe four distinct stages of interaction prior
to CM, marked as Stages I-IV, which we explain in the following paragraphs.

At the beginning of the interaction, since Kulap is the weaker of the two cyclones
and is spread over a larger area (see Figure 4.10al), it provides the dominant

contribution to <ké’gth>. During the period Jul 23, 03:00 UTC to July 23, 21:00
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FIGURE 4.14.: (a) The variation in (k%) (mean of 95" percentile of k{" in the vorticity

network) during the Noru-Kulap interaction; stages -1, II, IIT and IV are demarcated on the

basis of this variation. (b) The variation in (kS¥f,) (mean of 95 percentile of k2*! in the

vorticity network) during the Noru-Kulap interaction; stages I-IV are marked as in (a). The
changes in <kggfh> quantify those of the strength of the dominant cyclone. Also shown in (a)
and (b) is the temporal variation of separation distance d between the two cyclones. (Taken
from De et al. [P3])

UTC, although the vorticity of Kulap decreases due to vorticity advection, Noru
is still very far away to significantly affect the region surrounding Kulap. As a
result, <ké’gth> decreases slightly during this time interval which we denote as
Stage-1.

Thereafter, there is a sharp rise in < égth> during the period Jul 23, 21:00 UTC
to Jul 25, 00:00 UTC, when d ~ 1100 km. We demarcate this rising phase as
Stage-I1. During this stage, k" in the region between the cyclones rises and
reaches a maximum value and so does the area covered by the high-k" nodes
in this region, as seen from the spatial in-degree distributions earlier. The
maximum of <ké’gth> corresponds to the time at which the connected structure of
high vorticity (see Figure 4.10d1-d2) emerges. At the end of this stage, d ~ 812
km. The range of values of d covered during this stage of the interaction is
denoted by d* in Figure 4.14a.

Next, <kggt},> decreases rapidly from its maximum value during the interval
Jul 25, 00:00 UTC to Jul 25, 21:00 UTC. In this phase, which we refer to as
Stage-111, the cyclones form a connected region of high vorticity and come close
to each other and, consequently, the number of high k™ nodes in the region
between the cyclones reduces. During this stage, the variation of d is very slow
as it decreases to ~ 797 km at the end of this period. This range of separation

distance in which <k§§m> decreases from its maximum value is termed as the

range of critical separation distance (d.,) and is shown in Figure 4.14a.
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Prior to the complete merger, < ggth> varies slowly and remains small which cor-
responds to the Stage-IV shown in Figure 4.14a. At this time, Kulap gradually
disappears and the only contribution to < ggth> comes from Noru.

Therefore, we observe four distinct stages in the Noru-Kulap interaction before
the merging phenomena occurs. There have been a number of numerical studies
of the pairing and merging of vortices on the basis of their separation distance
d [197, 224, 225]. It has recently been shown using the separation distance, d,
that there are three phases before a CM event [197] — a first diffusion (d slowly
reduces), convection (d decreases rapidly), and a second diffusion phase. In
Figure 4.14a, we also plot d as a function of time. We observe that d decreases
during stages I and II, remains almost constant in stage III and then again
decreases slightly slowly during stage IV. Importantly, d is unable to distinguish

in

between stages I and II, contrary to ( kgzm )-

We also calculate the mean of the 95" percentile of the out-degree of the net-
work, <k:ggfh>, at different geopotential heights and plot its temporal variation
in Figure 4.14b. We mark the various stages of interaction as per our obser-
vations of <kg5lth> in Figure 4.14a. In stage I, <kggfh> at 850 hPa increases
slightly faster than those at 700 hPa and 650 hPa. This is attributed to the
greater increase in the vorticity of Noru at 850 hPa than at higher geopotential
heights. In stages II and III, we observe a more rapid increase of <k§gfh> at all
geopotential heights, which occurs when d ~ 855 km. This occurs due to the
faster strengthening of Noru due to increased vorticity advection from Kulap.
In stage IV, the vorticity of Kulap being extremely small, a further advection

of vorticity does not affect Noru appreciably. Consequently, <k:ggfh> is roughly

constant in this stage. After CM occurs, the entire contribution to both < é’gth>

and <kggfh> come from the single vortical structure that remains.

. Seroja-Odette system

We now try to visualize the various stages of the Seroja-Odette interaction
using the same methodology. In Figure 4.15al1-a2, we plot the variation <ké’gth>
at geopotential heights of 850 hPa, 700 hPa and 650 hPa, along with that of
d. The stages of interaction are distinguished as per the variation of < ggm>-
Here, Odette is the weaker cyclone and is spread over a bigger area. Hence,
i
Odette, similar to what we saw earlier for the Noru-Kulap system. However,
the stage I interaction between Seroja and Odette seems considerably different

initially, the major contribution to <k comes from the nodes in and around

from that of Noru and Kulap — there are small oscillations in <k;’gth>. This

is due to fluctuations in w in the region around Odette, which are stronger at
650 hPa and 700 hPa (Figure 4.15a2) than at 850 hPa (Figure 4.15al). During
stage I, the separation distance d decreases from 2034 km to 1750 km.
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classified on the basis of the change of <

[P3])

k,in

95th> that geopotential level. (Taken from De et al.

In stage II, < g’;th> at all geopotential heights show an overall increase and
reach their respective maximum values at the end of this stage when the two
cyclones form a large connected structure. Note that, the time of formation of

ggth>) is different
for different geopotential levels, with those for 650 hPa and 700 hPa happening
earlier than that for 850 hPa. Correspondingly, d ~ 812 km at 850 hPa while
d ~ 950 km at 650 and 700 hPa at the end of this stage. Also, there is a
significant drop in < ggth> at 650 hPa before Apr 7, 00:00 UTC.

this structure (i.e. time corresponding to the maximum of <k:

In stage III, < ;’gth> decreases due to reduction in the area of the high-%" nodes
M)
is relatively slower as the influence of Odette on the network almost vanishes
before it merges with Seroja entirely. The variation of d across the different
stages is qualitatively similar to that seen in the Noru-Kulap interaction i.e.

decreases almost uniformly and then saturates for a certain duration before the
CM.

We estimate <k

as the cyclones begin to merge. Finally, in stage IV, the variation of <

out

95th> for the Seroja-Odette system at geopotential heights of
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850 hPa, 700 hPa and 650 hPa during the various stages of interaction and plot
their variations in Figure 4.15b1-b2. As Seroja intensifies and becomes more
compact, its vortical interaction with rest of the network increases because of

95th
stage II due to vorticity advection. At the end of this stage at 850 hPa, when

the connected structure of high vorticity just forms, there is a slight drop in the

which <k°“t > increases steadily in stage I. The increasing trend continues in

95th
accompanied by a simultaneous increase in that of Odette (see Figure 4.12d1
and 4.13al) at this time. This is not observed in the Noru-Kulap system. In
stage III, a rapid increase in the vorticity of Seroja leads to a significant rise
in k:ggfh> Finally in stage IV, <kgg§h> is shows small fluctuations at 850 hPa,
while at 700 hPa and 650 hPa, it rises very slowly, as Odette gradually merges

into Seroja. The trend in <k‘°“t > differs from what was observed in the Noru-

values of <k0“t > This is due to the slight decrease in the vorticity of Seroja

95th
Kulap system.

Thus, the network-based measures uncover the significant differences in the inter-
action between the binary cyclones during various stages of their merging process.
In particular, <ké’gth> can be potentially used as an early indicator in the forecast of
CM events. Previously, a value of d within the range 1050 km to 2250 km was found
to be the critical separation distance for a pair of cyclones to interact. In our study,
95th
of cyclone mergers can improve our understanding of Fujiwara interaction than what
is known using conventional methods. Moreover, the positive correlation between

an estimate of this critical distance from the variation of < > for different cases

< é’gth> and <I<:§15‘fh> during stage II, as they both increase, can also be used as an

indicator to detect the growing interaction between two nearby cyclones. <k:ggfh> by
itself provides useful insight into the behaviour of the more dominating cyclone.

4.4. Summary

We have shown that the time-evolving climate network approach has been very
promising to study the evolution of weather extremes occurring over very short time
scales of only a few days. Through a complex network analysis of the spatio-temporal
pressure or vorticity field, we can extract insightful information about the underlying
dynamical organization of the regional weather system during cyclones.

In the first part of the study (Section 4.2), we showed the applicability of the method
to distinguish between the interaction structure of the mean sea level pressure (MSLP)
field when normal conditions prevail and when a cyclone is present in the basin. The
temporal evolution of MSLP co-variability patterns is quantitatively studied by uti-
lizing various topological properties of functional climate networks, namely, degree,
mean geographical distance and clustering coefficient which characterize the changes
in connectivity structure from three different perspectives — centrality of nodes, as-
sociated spatial length scale and tendency to form clusters. We employed sliding
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windows of 10 days, successively shifted by 1 day over the period of a cyclone season
— post-monsoon Sep—Oct—Nov—Dec cyclone season of north Indian Ocean basin, and
the Aug-Sep season of the north Atlantic Ocean basin. We found that cyclone-affected
regions exhibit an increase in the local clustering values C; along with a decreasing
degree k; as compared to their surroundings, implying the formation of an almost
isolated system within the network based on mean sea level pressure. The highly
localized nature of these tropical storms leads to such a behaviour, as was evident
from the lower values of mean geographical distance £; along the nodes affected by
the cyclone. The results revealed that there is a close resemblance of cyclone tracks
with high C; nodes if the cyclone event occurs during the span of the network time
window. Such networks also tend to have relatively high global clustering coefficient
values. This indicated that the regions along the cyclone track are localized structures
in the network with high connectivity, along which there is a continuous flow.

Thus, provided the length of the time window and the temporal resolution of the
data is chosen in accordance to the weather phenomenon in consideration, evolving
climate networks can be used to study weather variability that occurs over much
shorter, daily time scales. Application of this approach over time scales relevant for
cyclones allowed us to gain deeper insights into the individual local signatures of
changes in the flow structure of the regional weather system, in contrast to generic
long-term topological changes reported in earlier works [153, 154]. This methodology
using network-based indicators has a strong potential to detect cyclones and their
tracks from MSLP outputs from models as well as other inputs.

In the second part of this chapter (Section 4.3), we explored the topological dy-
namics during the interaction and complete merging of binary cyclone systems by
adopting an innovative data-driven complex network analysis of the instantaneous
relative vorticity field at a particular geopotential height. The interaction between
two flow elements located at two grid points of the network was computed on the
basis of velocity induced by one flow element on another using the Biot-Savart law.
Such a framework allowed us to comprehend the changes in the connectivity structure
during the interaction between two cyclones when they are close to each other. We
characterized the topology of the constructed time-evolving directed induced velocity
networks by performing a degree analysis. By analysing the spatial distributions of
in-degree, we quantified the extent of binary interaction between the cyclones, while
the distributions of out-degree enabled us to identify the dominant cyclone during
each time step of the interaction until the merging of the two cyclones finally oc-
curred. Further, the distribution of high out-degree nodes could be used to clearly
identify the cyclone, indicating the occurrence of strong interactions within it. The
most interesting result was that we were able to classify the transitions of the binary
cyclone interaction into four stages before cyclone merging takes place based on the
quantification of mean of the 95" percentile of in-degree in the vorticity network.
The trends of the mean of the 95" percentile of in-degree and out-degree could also
be used to differentiate between the interaction stages of different binary cyclone sys-
tems. Thus, the complex network approach enabled us to directly study the evolution
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of the interaction structure of the vorticity field, making it a suitable method to gain
incisive insights into the interaction process of binary cyclones.

The findings presented in this chapter points towards the importance of the detailed
characterization of the interaction structure of a tropical cyclone or a binary cyclone
merging event as an essential step towards improving cyclone track forecasts. While
the correlation-based networks in the first part were important to demonstrate the
capability of network measures to identify cyclone signatures, the Biot-Savart law
based induced velocity networks goes a step further to enable us to track instantaneous
interactions. It is important to mention here that although the Biot-Savart law is
applicable strictly for velocity fields that are divergence-free, we use it to primarily
estimate the strength of connection between two points in the flow-field, and our
results clearly show the effectiveness of such networks.

Further investigations involving the proposed network tools to study different types
of cyclone interactions, such as partial merger, partial straining out and elastic inter-
action in different cyclone basins, and differentiating between the interaction structure
between co-rotating and counter-rotating (such as cross-equatorial twin cyclones) cy-
clone pairs can be outlined as relevant topics for future research. Studying the inter-
action of the cyclone with large-scale low-level cyclonic vortices such as the monsoon
gyre [226] could also be a possible application of the work. Furthermore, this com-
plex network approach, in combination with the physics-inspired machine learning
algorithms, can also be used to improve the prediction of cyclone tracks.
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5. Asian Summer Monsoon: Spatial
synchronization patterns of Extreme
Precipitation and Convection

“..the key to it all — the colours, the moods, the scents, the subtle, mysterious light, the
poetry, the heightened expectations, the kind of beauty that made your heart miss a beat —
well, that remained the monsoon.”

— Alexander Frater, Chasing the Monsoon

5.1. Introduction

The Asian summer monsoon (ASM) is a planetary-scale phenomenon involving the
annual migration of the Intertropical Convergence Zone and is an important compo-
nent of the global climate system. The ASM is characterized by a distinct seasonal
reversal of low-level wind fields accompanied by heavy rainfall. The Indian summer
monsoon (ISM) and the East Asian summer monsoon (EASM) are the two main sub-
systems of the ASM. A large amount of literature has contributed to the study of
both monsoon systems and their connections [227-230]. While both subsystems have
profound differences, they strongly influence each other [231-235]. The ASM has a
huge socioeconomic impact in South and East Asia; therefore, the understanding of
its underlying complex interconnectivity structure is crucial.

The ISM is known to have significant impact on rainfall over northern China [236—
240]. Several studies also investigated the relationship between ISM onset and the
onset of the Meiyu season over the Yangtze River Valley in China [241, 242]. Some
authors have referred to the above relationships between rainfall over India and that
over East Asia as the two modes of ISM-EASM teleconnection [238, 241-243]. Fur-
thermore, the various modes of the tropical intraseasonal oscillations (ISO) [227, 244]
— the eastward propagating Madden-Julian oscillations (MJO) [245, 246] and the
northward propagating boreal summer intraseasonal oscillation (BSISO) [247-251] —
are known to have considerable influence on the variability of the global monsoon
system at intraseasonal timescales. Numerous studies have investigated the impact

This chapter is based on the associated publication Gupta et al. [P4], licensed under a Creative
Commons Attribution (CC BY) license, and the manuscript in preparation Gupta et al. [P5].
The sections in this chapter closely follow these works.
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of the ISO on the different aspects of the ISM and the EASM, individually. How-
ever, not much attention has been given to the possible influence of the ISO on the
intraseasonal variability of the ISM-EASM connection. Understanding the variability
of the spatial patterns of rainfall associated with the ASM at intraseasonal time scales
is essential to improve the subseasonal forecasting of extreme precipitation events.

The interannual variability of ASM in terms of the impacts of the El Nino-Southern
Oscillation (ENSO) is another important aspect [235]. The mechanism by which
the ENSO remotely influences the dynamics of the ASM is complex and varied for
different components of the ASM. The effect of the phase of the ENSO is mainly via
the modulation of the convective processes that drive the ASM. Therefore, the study
of the impact of the ENSO on the convection anomalies is another point of interest for
our long-term climatological analysis, to corroborate previous studies that investigate
the impact of the ENSO on the ASM [252, 253]. These studies mostly consider the
model or satellite observations of sea surface temperature, winds, and outgoing long
wave radiation (OLR) which can be taken as a proxy for detecting deep convection
and hence heavy precipitation in the tropical and subtropical regions, as cloud top
temperatures (colder is higher) are an indicator of cloud height [254].

Most of the studies on the spatial variability of the ASM at different time scales
primarily rely on methods of correlation, empirical orthogonal functions (EOFs), and
composite analyses. However, these methods are often not sufficient for analysing
the spatial characteristics of extreme rainfall co-variability. Furthermore, analyses
based on correlations alone typically do not allow to identify the specific times as-
sociated with a particular climate interaction pattern. In fact the analyses based on
correlations, such as one-point correlation or teleconnectivity maps, give a limited
understanding of the climate mechanisms based on the selective impact of a reference
region. Complex networks approaches have proven to be an effective tool to study the
intricate spatiotemporal coupling structures due to the large-scale seasonal changes
in precipitation, wind and other observables in monsoon systems. They have been
applied in combination with a nonlinear synchronization measure to analyse both the
regional and global patterns of extreme rainfall [48-51, 111]. In particular, separate
studies based on complex networks have been conducted to reveal spatiotemporal
patterns of synchronous heavy rainfall associated with the ISM [48, 49, 255] and the
EASM [256-258|.

In the first part of this chapter (Section 5.2, [P4]), we use a similar method of
constructing climate networks using extreme precipitation spatiotemporal satellite
data [259] for the monsoon season, to go a step further by investigating the interaction
between these two subsystems of the ASM and its intraseasonal variability. We show
that the connection between ISM and EASM has two different modes which are
separated both spatially and temporally. Moreover, we provide a comprehensive
picture of the large-scale atmospheric circulation patterns associated with each mode
of connection. We further investigate the potential role of the different modes of the
ISO by studying the distribution of the MJO/BSISO phases of those days when there
is high synchronization of extreme rainfall events between the ISM and the EASM.
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However, the aforementioned approach based on complex network analysis of ex-
treme precipitation events may not be suitable to study the interannual variability
of the ASM due to the ENSO as it may lead to loss of information regarding the
mechanism of the ENSO-ASM relationship. This is because the phase of the ENSO
modulates the ASM at monthly time scales by a series of processes that can outlast
a season [260, 261]. Therefore, it is more suitable to instead employ the continuous
temperature, OLR and wind data which carries the signature of the impact ENSO
on tropical convection. Although climate networks based on sea surface temperature
or surface air temperatures have been used to identify and distinguish different types
of ENSO events [43-45, 262], networks based on wind have been found to be effective
to investigate the impact of ENSO on monsoon systems in other continents [263].
In this context, we investigate the influence of the ENSO on the interannual vari-
ability of the convection anomalies in the Asia-Pacific region using correlation-based
complex networks of the reanalyses-based OLR and the lower tropospheric wind com-
ponents [162] in the second part of this chapter (Section 5.3, [P5]). Such a complex
network analysis of OLR data has not been conducted in earlier studies to the best
of our knowledge. This multivariate OLR and wind based climate network analysis
reveals important features of the ASM, such as the prominent distinction between the
convective sources that drive the different components of the ASM. Our results also
reveal that the phases of the ENSO impact the different convective sources differently
and hence shed light on the spatial variability of its relation with the various regions
of the ASM.

Finally, our findings on both the intraseasonal and interannual variability of the
ASM are summarized in Section 5.4.

5.2. Interconnection between the Indian and the East Asian
Summer Monsoon

Here, we use a method based on the combination of a nonlinear synchronization
measure and complex network theory to unravel the profound and complicated re-
lationship between the ISM and the EASM, as well as its variability as the season
progresses. In Section 5.2.1, we describe the data employed in the analysis as well
as outline the necessary pre-processing steps. Thereafter, the methodology based on
event synchronization and complex networks is explained. The results so obtained
along with their climatological interpretation is provided in Section 5.2.2.

5.2.1. Data and Methodology

Data

We analyse the satellite-derived Tropical Rainfall Measurement Mission (TRMM
3B42 V7) [259] total precipitation data, with daily temporal resolution, provided
on a spatial grid with resolution of 0.25° x 0.25°, ranging from 50°N-50°S, for the
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time period 1998-2019 (https://disc.gsfc.nasa.gov/, last accessed: 8 Sep., 2020).
The spatial domain of this study is confined to the region 0° to 50°N and 60°E to
160°E for the functional network analysis, which gives 80,000 grid points. It is worth
mentioning here that, although satellite rainfall products are known to underestimate
extreme precipitation [264], their high spatiotemporal resolution and almost global
coverage make them convenient for studying spatial patterns of precipitation.

Data for atmospheric variables, such as wind components and geopotential height
(GPH) at pressure levels of 250 hPa, 500 hPa and 850 hPa, vertically integrated
water vapour flux and outgoing long-wave radiation (OLR), are obtained from the
ERAS reanalysis [162] at daily temporal and 1° x 1° spatial resolutions for the same
time period (https://cds.climate.copernicus.eu/, last accessed: 9 Dec., 2020).
Analysis of their composite anomalies is done over an extended spatial region (15°S
to 50°N and 0° to 160°E).

The Real-time Multivariate MJO indices (RMM1 and RMM2) of Wheeler and
Hendon [246], based on a pair of empirical orthogonal functions (EOFs) of the com-
bined fields of near-equatorially averaged 850-hPa zonal wind, 200-hPa zonal wind
and OLR data, were used for defining the various phases of the MJO (http://
www.bom.gov.au/climate/mjo/, last accessed: 22 Nov., 2021). The phases of the
BSISO were defined using the real-time indices BSISO1 and BSISO2 proposed by Lee
et al. [251], which are based on a multivariate EOF analysis of daily anomalies
of OLR and zonal wind at 850 hPa (U850) in the region 10°S-40°N, 40°-160°E
(https://apcc2l.org/ser/moni.do/, last accessed: 22 Nov., 2021).

Extreme Rainfall Events Extreme rainfall events (EREs) are identified as days with
total rainfall sums greater than the 90" percentile of wet days (rainfall > 1 mm) at
each grid point, for the particular month (June, July or August) or the season under
consideration (here, the monsoon season from June to August, JJA). The events are
de-clustered by counting consecutive days with rainfall above the threshold as a single
event placed on the first day of occurrence.

Functional Network Analysis

Network Construction We construct the extreme precipitation network using method
outlined in Section 3.5.2. The nodes of our functional network are the spatial grid
points of the TRMM precipitation data with their corresponding ERE series whose
construction is described above. We employ here event synchronization (ES) (Section
2.2.2) as an event-based similarity measure to quantify synchronous EREs at different
locations occurring at varying temporal delays [48-51, 106, 111]. Although ES uses
an adaptive delay to find synchronous pairs of events, we confine the synchroniza-
tion time scale by allowing a maximum temporal delay of . = 7 days, which is
equivalent to the time period of the Rossby waves. ES;; is computed for all pairwise
combinations of grid points ¢ and j, 7, 7 = 1, ..., N, where N = 80, 000. The statistical
significance of each empirical value ES;; is determined on the basis of a null model
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distribution which is numerically obtained by computing ES for 2000 pairs of surro-
gate event series with /; and /; uniformly and randomly distributed events. Finally,
a network link is placed between grids ¢ and j if ES;; is significant at a significance
level of 0.05 (i.e, ES;; > 95th percentile of the corresponding null model distribution).
The network adjacency matrix A;; is then constructed by setting A;; = 1 if there is
a link between nodes 7 and j, and A;; = 0 otherwise (Sections 3.2 and 3.5.2). The
spatial patterns of network degree depend only weakly on the choice of the signif-
icance threshold, ranging from the 95th to the 99.5th percentile of the null model
distribution. Our results are also robust to the choice of different maximum temporal
delay between synchronous events, Tmax € [3,15] days. All our results remain similar
for the case when EREs are defined as events above the 95th instead of the 90th
percentile (not shown).

We construct three separate networks using the above method for the successive
months of June, July and August, using EREs calculated from the daily rainfall of
the respective month to observe monthly evolution of the connectivity structure of
the region during the monsoon season. A separate network is also constructed for the
whole JJA season using EREs computed from the JJA daily rainfall.

Network Measures After constructing the extreme precipitation network, we com-
pute the node-base network measure degree k; for every node ¢ of the network as
defined in Eq. (3.4) of Section 3.3. In this case, the degree at a given grid point
gives the number of those grid points where extreme rainfall occurs synchronously.
Regions of higher degree are of particular importance for identifying large-scale syn-
chronization of extreme rainfall and their causes [48, 49, 51].

We also calculate the partial degree {k;}r of the nodes in the network linked to a
particular region R, which yields the number of links connecting a node i outside R
with the nodes within R. This gives a selective view of the degree plot to identify
regions in the network connected to a specific area. This approach leads to a visual-
ization that reveals the various modes of connection among the different regions.

Identification of days of high rainfall synchronicity As explained in Section 2.2.2,
we use a modification of ES to determine the specific days when high event synchro-
nization of extreme rainfall occurs between two regions of interest A and B, while
keeping track of the temporal order [111]. Then, a Butterworth low-pass filter with
a cutoff frequency of 7 days is applied to the time series of ESY} . 5, (ES%;_, 4) so ob-
tained. Finally, we obtain the days of high synchronization between the two regions
by identifying the local maxima of the time series that are above the 90th percentile of
the entire time series. The specific time points so obtained are then used to compute

the composite anomalies of rainfall (from TRMM) and other atmospheric variables
(from ERA5).
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Lead-lag correlation analysis

We get two time series by spatially averaging the daily number of EREs in the two
given regions of interest, and the high-frequency noise is then eliminated by passing
them through a Butterworth low-pass filter with a cutoff period of 7 days. A lead-lag
correlation analysis is then performed between both time series by computing the
Spearman rank correlation (Eq. (2.12)) between the first time series and the lagged
values of the second time series, with lags varying in the range [—30,30] days. The
results remain very similar when the cutoff period of the Butterworth filter is varied
within a range of 7-11 days (not shown). This analysis helps us to obtain the duration
by which one series leads or trails behind the other which gives us a preliminary idea
about how long it may take for the effect to propagate from one region to the other
and, hence, establish the connection. It serves as an additional step to see if the two
connected regions obtained for the network are indeed significantly correlated. The
information of the time lags at which high correlation occurs, is useful to compute
the composites of vertically integrated water vapour flux in order to trace the path
of the moisture transport between the interacting regions.

5.2.2. Results and Discussion

In this section, we first present our results based on the network analysis (see Sec-
tion 5.2.1). From the spatial patterns of degree of the extreme precipitation networks,
we identify the regions associated with the ISM and the EASM that show the strongest
connections. Thereafter, we investigate the mechanism underlying these synchroniza-
tion pathways based on the associated atmospheric circulation features. Finally, we
study the potential influence of ISO on variability of the ISM-EASM interconnection
at intraseasonal timescales.

Network analysis — Spatial degree patterns

The spatial pattern of degree yielded from the climate network analysis (see Sec-
tion 5.2.1) of the chosen bounded region for the successive months of June, July and
August, and the entire JJA season are shown in Figures 5.1a-d, respectively. From the
monthly evolution of the degree configuration of the extreme precipitation network
(Figures 5.1a-c), it is evident that — while there occurs an overall change in degree
over the ISM, EASM and Pacific Ocean regions — two specific regions of the ISM show
a pronounced change over these months. First, the Arabian Sea region (ARB, red
box in Figure 5.1) and adjacent coastal region of India exhibit a discernible decrease
in degree when going from June to July. In addition, the northern and central part
of India, which is often referred to as the core monsoon zone (CMZ, blue box in
Figure 5.1) [229, 265] of the ISM, shows a significant increase in degree in July and
August in comparison with June. Interestingly, although the spatial degree pattern
for the entire JJA season (Figure 5.1d) is qualitatively rather similar to that of the
monthly networks (Figures 5.1a-c), we do not see a high degree patch over ARB in the

76



5.2. Interconnection between the Indian and the Fast Asian Summer Monsoon

100°E

' ' ' L N ' ' '
45 35 45
Degree x10? Degree x10? Degree x10?

100°E 130°E 100°E | 130°E

60 80 150 250 350 450 150 250 350 450
Degree x10? Partial degree Partial degree

FIGURE 5.1.: Monthly evolution of network degree for networks constructed for (a) June,
(b) July and (c) August, respectively. The solid red and blue boxes are positioned at the
Arabian Sea (ARB) and core ISM zone (CMZ), respectively, to indicate noticeable changes
in degree during each month at the different ISM regions. (d) Spatial pattern of degree for
the network constructed for the entire JJA season. (e) and (f): Partial degree for the regions,
ARB (solid red box: 5°-20°N, 60°-75°E) and CMZ (solid blue box: 20°-32°N, 71°-88°E)
respectively, based on the network in (d) to indicate specific regions connected to each of
them. From (e), it is seen that ARB has connections to Southern China (SCN; dashed red
box: 23°-29°N, 105°-115°E) while from (f), CMZ is seen to be connected to parts in Northern
China (NCN; dashed blue box: 36°-42°N, 108°-118°E). (Taken from Gupta et al. [P4])

JJA network (Figure 5.1d), implying that links connecting ARB with other regions
occur earlier but get overshadowed later in the season when the monsoon activity is
at its peak and has moved inward into the subcontinent.

Therefore, we compute the partial degree (see Section 5.2.1) corresponding to the
JJA network in Figure 5.1d for the regions ARB and CMZ separately. This will
help us to identify any changes in the spatial connectivity of these regions, which
may occur over the course of the season. From the partial degree distribution of the
region ARB (red solid box) shown in Figure 5.1e, we observe that apart from local
connections with adjacent regions of the Indian peninsula and the Bay of Bengal,
it has long-range connections to a region in south-eastern China (SCN, red dashed
box), roughly located in the middle and lower reaches of the Yangtze River basin,
which receives persistent Meiyu rainfall [230, 231]. On the other hand, the CMZ
region (blue solid box) is well connected to the northern parts of China in the Yellow
River basin (NCN, blue dashed box) (Figure 5.1d). We hence identify two spatially
and temporally separated ERE synchronization pathways between ISM and EASM
regions: (i) ARB with SCN, and (ii) the CMZ with NCN. These two pairs form
the Southern (ARB-SCN) and the Northern (CMZ-NCN) modes of the ISM-EASM
connection [228, 238, 241, 242].
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The distribution of the spatial distances across which significant synchronizations
occur in case of the ASM regional network constructed for the JJA season exhibits
a scale break at approximately 2000 km (see Figure A.2a), similar to that shown
by [111] for a global extreme precipitation network, indicating a physical regime shift.
For distances (d) less than 2000 km, the distribution shows a power-law decay [p(d)
d—¢], with an exponent o = 0.83, signifying links associated with regional weather
systems. On the other hand, the distribution for longer distances (d > 2000 km)
follows closely the distribution of all possible great-circle distances on Earth’s surface,
implying that the links are potentially associated with global-scale teleconnections.
It must be noted that the spatial patterns of the partial degree of ARB and CMZ,
computed by considering only links longer than 2000 km (see Figures A.2b-c), still
show the significant connections to SCN and NCN, respectively, as seen in Figures
5.1e-f, thereby implying that these two modes of connection between the ISM and
the EASM are also part of the global-scale teleconnections.

Moreover, from the partial degree plots of Figures 5.1e-f, it should be noted that
there are almost no links connecting ARB and SCN to NCN (Figure 5.1e and A.3a),
as well as CMZ and NCN to SCN (Figure 5.1f and A.3b). The asynchronicity of
EREs between SCN and NCN (also seen from Figures A.3a-b) along with significant
change in the degree patterns of ARB and CMZ when evolving from June to July
clearly indicate that the two connection modes occur at different times within the
JJA season. The higher connectivity of nodes in ARB in June and its subsequent
decrease in July, during times when connectivity is enhanced over CMZ, implies
that the Southern mode precedes the Northern mode. The simultaneous occurrence
of EREs in the regions ARB and SCN in June and that in the regions CMZ and
NCN later in July and August can also be observed by defining an index for the
northward movement of ISM and EASM based on the number of EREs, as described
in Appendix A.2.1 and Figure A.4. In the following subsection, we show using event
synchronization that the pairs of regions (ARB-SCN and CMZ-NCN) indeed have
high synchronization of EREs at different times in the JJA season. We will focus
on understanding the mechanism of the two modes of the ISM-EASM connection.
The red and blue pairs of boxes (solid and dashed) shown in Figures 5.1e-f are the
representative regions chosen for ARB, SCN, CMZ and NCN for all further analysis.

CMZ also exhibits a very high number of links (Figure 5.1d) to regions of the
western Pacific Ocean, the Philippine Sea and South China Sea, which also occur as
patches of overall high degree in Figure 5.1e. The synchronous EREs in these regions
are mostly due to typhoons, which are prevalent during the JJA season [266]. We
do not consider these regions in our further analysis, as we are more interested in
monsoon-type rainfall than that from the thunderstorms. High total degree is also
observed over northern Bay of Bengal, parts of north-east India, Tibetan Plateau and
parts of Mainland Southeast Asia such as South Vietnam and Thailand (Figure 5.1e).
These regions also experience rainfall from the southwesterly monsoon winds which
explain their linkage with CMZ (Figure 5.1f).

Although extreme rainfall over southern Japan due to the Baiu front is also a part
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FIGURE 5.2.: (a) The month-wise distribution of days with high ERE synchronization for the
Southern mode (ARB — SCN) and the Northern mode (CMZ — NCN). Lead-lag correlations
of low-pass filtered time series of spatially averaged daily numbers of extreme rainfall events
(> 90" percentile) between (b) ARB and SCN, i.e., Southern mode; and (c) CMZ and NCN,
i.e.,Northern mode. (Taken from Gupta et al. [P4])

of the EASM system, it is less synchronous with ISM, as seen from Figure A.3c [237,
239, 242]. However, there are links connecting southern Japan to SCN, as seen from
Figures A.3a and A.3c, indicating the occurrence of synchronous frontal rainfall in
both regions [230, 231].

Specific times of high extreme rainfall synchronicity

Next, we identify specific days during which extreme rainfall events occur synchronously
in each of the two pairs of regions, viz., ARB-SCN and CMZ-NCN (see Sections 5.2.1
and 2.2.2). The month-wise distribution of the days of highest rainfall synchronicity
is shown in Figure 5.2a. We see that the frequency of synchronous extreme rainfall
occurrences for the Southern mode of ISM-EASM connection is the highest in June
and decreases sharply in July and August, while that for the Northern mode peaks
in July. This is consistent with our earlier observations in Figure 5.1. Moreover, the
frequency of the high ERE synchronization times is seen to be higher at the beginning
of June, which is the period of ISM onset. It also corroborates with previous studies
of the interrelationship, which claimed that the Southern mode is associated with the
onset of the ISM in June and the Meiyu in Yangtze basin [241]. Ding and Wang [228]
speculated that the circumglobal teleconnection (CGT) plays an important role to
connect ISM with rainfall over northern China and made an indirect inference about
the time of the establishment of this relation being in late summer (July-August).
Our results in Figure 5.2a directly confirm this conjecture.

Lead-lag analysis of rainfall Figures 5.2b-c show a lead-lag analysis of the time
series (Section 5.2.1) obtained by spatially averaging the number of EREs in each
pair of regions, for the JJA season (black curve) and for the month when the highest
synchronization is observed for each mode (blue curve). We find from Figure 5.2b
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that the correlation between ARB and SCN peaks at a lag of 4 days for the entire
JJA season but is maximum at 14 days when only June is considered. However,
interestingly, in case of the Northern mode of ISM-EASM connection, we see from
Figure 5.2¢ that the maximum correlation occurs at lag 0 during the JJA season and
at a lag of 1-2 days for only July. The positive correlation between CMZ and NCN
is in agreement with that observed by Kripalani and Kulkarni [237] between summer
monsoon rainfall over India and north China, indicating an in-phase relationship.
Only those lags which have significantly high correlations (P < 0.05) were used to
determine the local maximum peak. The rainfall composite anomalies (see Figure
A.5) also reflect the above findings.

Atmospheric Circulation Composite Anomalies

Next, we compute the composites of the anomalies of geopotential height, merid-
ional wind speeds, and the horizontal wind field at different pressure levels (see Sec-
tion 5.2.1), based on the days of strong synchronization (Day 0) for both modes of the
ISM-EASM connection (refer Sections 5.2.1 and 2.2.2). The anomalies are calculated
with respect to the JJA seasonal climatology.

Southern mode

Geopotential height and wind Figure 5.3 provides the composite anomalies of the
geopotential height (GPH) and wind field at 250 hPa, 500 hPa and 850 hPa, re-
spectively, on Day 0 for the Southern mode of the connection. We also show the
corresponding composite anomalies of the wind direction field during those times on
the GPH-plots. In the upper-level of the troposphere (250 hPa) (Figure 5.3a), we find
an anomalous high-pressure system over the tropics, spanning over the Indian Ocean
up to South Asia — covering the Indian subcontinent, the Mainland Southeast Asia
up to the Yangtze basin and the Maritime continent. A deep low-pressure zone is
present over the rest of the continent. There is also a strengthened upper-westerly jet
stream flowing further north of the high GPH region. Strong westerly winds mark the
northern boundary of the high GPH region, north of the Yangtze basin, as also seen
from the upper-level meridional (v) wind component in Figure 5.4a. The position of
the anomalous high GPH in the upper troposphere controls both the ISM and the
rainfall over SCN, which explains the relationship between ARB and SCN.The wave
pattern seen in the upper level meridional wind composite anomalies (Figure 5.4a)
originates from North Africa to east Asia along the mid-latitude westerly jet [267].
The wavenumbers £ = 7, 11 are associated with this pattern, as determined from
the spatial power spectral density of the latitude belt from 25°N to 35°N (see Figure
A.6a). The westerly zonal flow is anomalously strong, which may explain the high
correlation between rainfall in ARB and SCN at a lag of 4 days during JJA (black
curve in Figure 5.2b).
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FIGURE 5.3.: Composite anomalies of geopotential height at 250 hPa, 500 hPa and 850 hPa,
with respect to JJA climatology, based on the days of high ERE synchronization on Day 0,
for the Southern ((a), (c), and (e)) and Northern ((b), (d), and (f)) modes of the ISM-EASM
connection. (Taken from Gupta et al. [P4])

In the mid-(500 hPa; see Figure 5.3c) and lower-level atmosphere (850 hPa; Fig-
ure 5.3¢), there is a cyclone formation over the ARB, and also an enhanced western
North Pacific subtropical high (WNPSH) south of 20°N and extending to the Bay
of Bengal, whose position determines the region of convergence of winds. At low
levels we see a cross-equatorial south-westerly wind coming from Somalia hitting the
south-western coast of India. The wind direction in the southern part of the WNPSH
over the Bay of Bengal is easterly. This easterly wind meets the above mentioned
westerly wind flow at the Malabar coast leading to the ISM onset [241, 242, 268]. As
the location of both the cyclone and the western margin of WNPSH moves north-
eastward over the course of the next few days, the region of convergence shifts from
ARB and South India via the Bay of Bengal to the South China Sea and SCN [268,
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FIGURE 5.4.: Composite anomalies of upper-level meridional wind component v at 250 hPa,
with respect to JJA climatology, based on the days of high ERE synchronization on Day 0, for
the Southern (a) and Northern (b) mode of the ISM-EASM connection. (Taken from Gupta
et al. [P4])
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FIGURE 5.5.: Aggregates of composite anomalies of vertically integrated water vapour flux,
with respect to JJA climatology, for the Southern mode for days (a) 0-4 and (c) 0-14. The
same is also shown for the Northern mode for days (b) 0-2 and (d) 0-14. Day 0 corresponds
to days of high ERE synchronization for each mode of the ISM-EASM connection. (Taken
from Gupta et al. [P4])

269]. As we will discuss later, the WNPSH shifts over to Japan in about a month
as seen from the GPH 500 hPa (Figure 5.3d) and 850 hPa (Figure 5.3f) plots of the
Northern mode which peaks in July.
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Vertically Integrated Water Vapour Flur Although there is a high correlation be-
tween ARB and SCN at a lag of 4 days for the entire JJA season (Figure 5.2b), the
aggregates of IVT composite anomalies (Figure 5.5a) for Days 0-4 still show separate
moisture sources for South India and the Yangtze basin. The water vapour transport
pattern highlights the Somalian low-level jet and the Zanzibar current along it as the
main sources of moisture to ARB and hence the onset of ISM (Figure 5.5a) [270]. On
the other hand, the predominant moisture sources of SCN during this time are the
South China Sea and the adjacent gulf regions [271].

However, when we compute the aggregates of IVIT composite anomalies for Days
0-14 (since the highest correlation is seen at a lag of 14 days between ARB and SCN
for June; blue curve in Figure 5.2b), a continuous path of anomalously high moisture
transport is established between the two regions via the Bay of Bengal (Figure 5.5¢).
Therefore, a convergence of the intense water vapour transport from the western
Indian Ocean and the Pacific Ocean sources occurs in about 2 weeks via the Bay of
Bengal, establishing a moisture corridor which coincides with the dominant route of
the East Asian atmospheric river [272-274]. The structure and period of formation of
the moisture corridor is similar to that of the third stage of the climatological annual
cycle of the East Asian atmospheric river catalogued by Pan and Lu [275], which lasts
approximately from 11 Jun to 1 Jul. The moisture pathway transports water vapour
from the western Indian Ocean to the ARB, India, the Bay of Bengal, and then
extends to the north of the Indo-China peninsula, South China Sea, eastern China,
and further northeastward to Japan (Figure 5.5¢ and A.7a). Hence, the establishment
of the moisture corridor over the course of two weeks between ARB and SCN explains
the Southern mode of the connection between ISM and EASM. Furthermore, we see
from Figures 5.5a and 5.5¢ that, although the heavier rainbelt along the SCN follows
from a convergence of south-westerly tropical and mid-latitude northeast moisture
sources, the tropical water vapour transport actually originates from the Philippine
Sea, as was also noted by [272].

Northern mode

Geopotential height and wind In the upper troposphere (250 hPa), we see a strong
anomalous high in Figure 5.3b over Eurasia, roughly north of 20°N. However, the
GPH 250 hPa is not smooth over the entire continent. In the 250 hPa wind field (Fig-
ure 5.3b), we identify an anticyclone-cyclone-anticyclone (A-C-A) circulation pattern,
along a southwestern-northeastern direction [276, 277]. There is an anomalous high
over west central Asia and parts of the Tibetan Plateau west of 90°E [278], and a
westerly wind is found north of the Tibetan Plateau. The other subtropical anticy-
clone is formed over parts of north-east China and predominantly over Japan [231,
279].

At 500 hPa (Figure 5.3d), a high in the east and low in the west is seen. The
WNPSH is further up in the northeast with a protruding tilt in towards the south-
westward direction. There is a sustained low over the Indian subcontinent [280, 281]
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with a formation of a deep trough over Kazakhstan. In the lower-level (Figure 5.3f),
we observe a deepened low pressure trough over India, a higher ridge over the eastern
Tibetan Plateau and a low over NCN. The enhanced WNPSH is now further north-
east as in GPH 500 hPa with a protruding part over Japan as is also seen for the
mid-level. The above circulation features are known to be related to strong ISM [282]
and are also favourable conditions for causing abundant rainfall over NCN [231, 283—
285].

The composite anomalies of the upper-level meridional wind component v (Fig-
ure 5.4b) show a large-scale wave train stretching across Eurasia. The dominant
wavenumbers associated with this wave pattern (Figure 5.4b), k = 5,8, are lower
than those for the Southern mode, as determined from the spatial power spectral
density of the latitude belt from 40° N to 50° N (see Figure A.6b). This denotes
the propagation of quasi-stationary Rossby wave energy along the east Asian jet,
also named as the “Silk Road teleconnection pattern” [279, 286]. The Eurasian wave
train, originating in the jet exit region of the North Atlantic, may be affecting the
west central Asian high and, thus, the intensity of the ISM [228]. The upper-level
anti-cyclone over west central Asia results in an enhanced convection over India, in-
ducing rainfall [287, 288]. The anticyclone is perturbed by the stationary waves along
the Asian jet in late July [289]. The propagation of the quasi-stationary Rossby
waves downstream along the jet and their accumulation in the jet-exit region near
Japan, forms the anticyclone over Japan [279]. In the meantime, the WNPSH moves
northward in the lower and mid troposphere as Meiyu/Baiu fades away. This forms a
deep-barotropic ridge throughout the troposphere over Japan with a slight westward
tilt called the Bonin high [279, 289], as seen from the GPH plots (Figures 5.3b, 5.3d,
and 5.3f). However, the deepened low over NCN in the lower-troposphere in con-
trast to the high in Japan, indicates enhanced convection over NCN, inducing in-
creased rainfall, while Japan experiences dry spells during this period. Ambrizzi et al.
[98], through an upper-tropospheric streamfunction teleconnectivity map and time-
lag cross-correlation analysis, showed that the wave pattern emanates downstream
eastward to the Pacific from the base point (35°N, 75°E), in about 3 days (see Fig. 7
in [98]). Therefore, the propagation of the quasi-stationary Rossby wave establishes
the connection between the strong ISM rainfall over CMZ and the concurrent ex-
treme rainfall over NCN [237, 288]. The amplification of the same Rossby wave train
upstream due to strengthening of the upper-level anticyclone over west central Asia
was also identified as the plausible reason behind the connection of extreme rainfall
between Europe and ISM by Boers et al. [111], who noted that the specific times of
the Europe-ISM extreme rainfall synchronization are more in July and August than
in June and September.

The in-phase relationship between the precipitation at CMZ and NCN at in-
traseasonal timescales is also verified using wavelet-based analysis for identifying
phase synchronization between two time series (Section 2.2.1). The significant scales
for the time series of JJA daily total precipitation (smoothened using a 3-day mov-
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FIGURE 5.6.: (a) Spectra of continuous wavelet transform (CWT) coefficients of the CMZ
(upper panel) and the NCN (lower panel) time series of their respective JJA precipitation for
the years 1998-2019. The values exceeding the 95% significance level are marked with black
contour lines. The high energy scales common to both time series lie approximately between
the range of 6-16 days. (b) Probability distribution of the wrapped wavelet phase difference,
A@" computed for the common scales (orange), in a background of the distribution obtained
from 200 surrogates of the data (blue); The observed histogram differs from the surrogate
distributions at a significance level of & < 0.0001 compared using a Kolmogorov-Smirnov test.
The observed phase difference distribution has a distinct peak close to zero, implying that
the CMZ and NCN precipitation time series are phase synchronized at these scales.

ing average), common to both regions, are found approximately in the range of 6-16
days (Figure 5.6a). The distribution of the wavelet phase differences wrapped in the
interval [—m, 7] shows a visible peak close to 0 at these scales (Figure 5.6b), thereby
indicating that the rainfall at the two regions are phase synchronized (also see Figure
A8).

Vertically Integrated Water Vapour Fluxr ~We find that although there might be a
slight lag of about 1-2 days in the occurrence of rainfall at NCN with respect to the
CMZ (Figure 5.2c), there is mostly a local recycling of moisture from the Pacific Ocean
and Indian Ocean sources respectively, as seen from the aggregate of IVT composite
anomalies, not only for Days 0-2 (Figure 5.5b) but also for Days 0-14 (Figure 5.5d).
Unlike most previous studies [238, 242], which identify the south-westerly moisture
flow in the monthly IVT composites as the cause of the connection between rainfall
over India and Northern China, we uncover from the composites of IVT anomalies
for days of high synchronization that sufficient moisture is not transported directly
via a tropospheric path. As expected, the above inference is not clearly evident from
the IVT composites of Day 0 (see Figure A.7b), where the general direction of flow is
still south-westerly. Dethof et al. [290] observed moistening of the lower stratosphere
in the Asian monsoon region and suggested a northward moisture transport towards
the Pacific from the monsoon anticyclone in July along the upper tropospheric jet
stream.
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FIGURE 5.8.: (a) Percentage of active (amplitude > 1) MJO, BSISO1 and BSISO2 days
among the specific days of high ERE synchronization for the Southern and Northern modes.
MJO/BSISO phase distribution for days during the JJA season (for reference) and days of
ERE synchronization for Southern and Northern modes which had active MJO (b), BSISO1
(c) and BSISO2 (d). (Taken from Gupta et al. [P4])

From the above observations of the composite anomalies of atmospheric variables,
it is highly likely that the quasi-stationary Rossby waves are the common driver of
extreme precipitation in CMZ and NCN, affecting the intensity of rainfall in both
regions.

Role of intraseasonal oscillations

Tropical intraseasonal oscillations (ISOs) are an important source of variability of the
Asian Summer Monsoon at short time scales [244]. They are mainly given by two
modes: the Madden-Julian Oscillations (MJO) and the boreal summer ISO (BSISO).
The MJO, propagating eastward along the equatorial region, in spite of having a
weaker variability during boreal summers as compared to that in the boreal win-
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ter [245, 246, 291], has a considerable influence on the variability of the monsoon
at intraseasonal timescales [292-294]. However, BSISO [251, 295, 296], which has a
prominent northward propagation and extends further northward from the equator,
is the prevalent ISO mode responsible for the short-term climate variability of the
monsoon [247-250, 297-299]. While the MJO has a periodicity of 30-60 days, the
BSISO exhibits two different periodicities: BSISO1 with a periodic cycle of 30-60
days and BSISO2 recurring every 10-20 days. Several works have previously investi-
gated the influence of the ISO on the onset of the ISM and EASM [251, 295, 300], the
active/break phases of the monsoon [255, 301-303] and seasonal mean rainfall [227,
304, 305] of the ISM and EASM separately. However, less attention has been paid
to its possible role in establishing a connection between the ISM and EASM. Many
previous works have suggested that the ISO can not only be a possible triggering
mechanism for the sudden onset of monsoon, but can also play a crucial role in the
northward progression of the EASM [231, 306]. This poses an important question
about the possible role of ISO in the shifting of the synchronization between the ISM
and the EASM from the Southern to the Northern mode. In the following, we in-
vestigate the impact of the MJO and BSISO on each of the two discovered modes
of ISM-EASM connection by classifying the days of high rainfall synchronization be-
tween both pairs of regions (ARB-SCN and CMZ-NCN) into active (amplitude > 1)
and inactive MJO/BSISO days, and by classifying the active days according to the
different BSISO/MJO phases (see Section 5.2.1).

Figure 5.7 shows the outgoing long-wave radiation (OLR) composite anomalies of
both the Southern and the Northern mode of the ISM-EASM connection. The pres-
ence of a negative OLR anomaly, i.e., enhanced convective activity, simultaneously in
both ARB and SCN (CMZ and NCN) indicates the synchronization of rainfall in case
of the Southern (Northern) connection mode. From Figure 5.8a, we see that ~ 40% of
the days of high rainfall synchronization are inactive in BSISO/MJO. This suggests
that ISO is not the sole factor causing the two modes of ISM-EASM connection. This
can also be inferred from the OLR composite anomalies of inactive BSISO/MJO days
of high rainfall synchronization, which show simultaneous negative OLR anomalies
in the pair of regions for each mode (see Figure A.9) aside from similar observations
made from the OLR composite anomalies of active days (see Figure A.10).

Next, we classify the MJO/BSISO active days of high ERE synchronization (Fig-
ures 5.8b-d) on the basis of their different phases. We see that particular phases
are associated with enhanced rainfall synchronization between ISM and EASM. MJO
Phases 1 and 2 favour synchronization for both Northern and Southern modes (Fig-
ure 5.8b). Similar observations were made by [111] in case of link bundles connecting
ISM with regions of East Asia and the northwest Pacific Ocean. In case of BSISO1,
which has a similar periodicity as the MJO and is significantly correlated with it,
we observe that there is a higher occurrence of extreme rainfall synchronization in
Phases 2 and 3 for the Southern mode, and in Phase 2 for the Northern mode (see
Figure 5.8c). However, it is interesting to note that in case of BSISO2, which has a
higher variability, an opposite polarity in the phase distribution is seen (Figure 5.8d).

87



5. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection

There is a relatively higher frequency of synchronized days for Phases 2 to 6 in
case of the Southern mode. On the other hand, synchronization is enhanced during
Phases 6 to 1 for the Northern mode. This suggests that while particular phases of
the MJO/BSISO1 lead to an overall increase in the extreme rainfall synchronicity
between ISM and EASM, BSISO2 possibly supports the shifting between the modes.

We have successfully investigated the spatial patterns of extreme rainfall synchro-
nization in the Asian monsoon region using a combination of nonlinear event-based
synchronization measures and a complex network-based approach, with a special em-
phasis on the interrelationship between the Indian and East Asian summer monsoons.
We have also studied intraseasonal variability of the relationship between the ISM
and the EASM, in particular the role of the intraseasonal oscillations which are as-
sociated with variations in deep tropical convection at these time scales. The main
features of the ISM-EASM connection are summarized in Table 5.1. In addition to
the above, it is of interest to also understand further the low frequency variability
in tropical convection and its impact on ASM (annual, decadal, etc.). The El Nifio-
Southern Oscillation (ENSO) and the Indian Ocean Dipole are the dominant sources
of interannual and interdecadal variability in the monsoon. In the following section,
we investigate the role of ENSO on the spatio-temporal variability of the convective
processes that drive the Asian monsoon system using a climate network approach.

5.3. Impact of El Niino-Southern Oscillation on the spatial
connectivity pattern of Convection during Asian
Summer Monsoon

ENSO has considerable impact on the spatial variability of ASM at interannual
timescales. One possible way to investigate this could be by employing multiscale
event synchronization (Section 2.2.2) on the precipitation dataset and analysing the
resulting network at the timescales relevant to ENSO [112, 307]. However, the ENSO
influences the ASM by directly or indirectly modulating the convective heat sources
that power the monsoon system [278]. Therefore, in order to investigate the effect of
the ENSO on ASM variability, it is more appropriate to understand the variability
of the interaction between the convection anomalies during the monsoon season for
different phases of the ENSO instead of that of precipitation which is the result of
this modulation. A fairly straightforward way to do so is by analysing the interan-
nual variability of the interaction structure of convection during the summer season
by constructing separate networks of outgoing longwave radiation (OLR) for periods
when ENSO is positive, negative and neutral. An important advantage of OLR net-
works over precipitation networks is that, unlike precipitation the OLR data does not
have many zeros in its time series, and hence one can employ measures of synchrony
for continuous time series instead of event-based synchrony measures (Section 2.2.2)
which prevents any loss of information contained in the data due to the conversion
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TABLE 5.1.: Summary of ISM-EASM connection.

’ Feature

|

Southern mode

\ Northern mode

Synchronization pathway

Arabian Sea and south-
west coast of India (ARB)
with parts of southeastern
China (SCN; near the mid-
dle and lower reaches of
Yangtze River)

Core monsoon zone of India
(CMZ; central and north-
ern parts) with northern
China (NCN; near the Yel-
low River valley)

Time of high synchronization | June July
Anomalous 250 Anomalous high over up- | Undulating  anomalously
Atmospheric | hPa per Indian Ocean, penin- | high GPH over Eura-
Circulation sular India and Maritime | sia with anticyclone
continent; strong westerly | (Tibetan Plateau)-cyclone-
jet stream current north of | anticyclone (central China)
high GPH region in the mid | pattern; Eurasian wave-
-latitudes; wave train orig- | train, originating in the
inating from North Africa | jet-exit region of the North
along the westerly jet Atlantic — dominant Silk
Road teleconnection
500 Western  North  Pacific | WNPSH further northwest
hPa subtropical high (WNPSH) | over Pacific and Japan with
stretching up to Bay of | a southwest protruding tilt,
Bengal. Convergence of | sustained low over Indian
south-westerly winds from | subcontinent
Somalian Coast with east-
erly winds in the southern
edge of the WNPSH over
the southwest coast of
India
850 Same as 500 hPa Indian low, high over east-
hPa ern Tibetan Plateau and
low over NCN

Anomalous vertically
integrated water vapour
transport

Establishment of moisture
corridor in about 2 weeks,
transporting moisture from
ARB to SCN via the Bay
of Bengal and South China
Sea

Mostly local circulation of
moisture — CMZ from In-
dian Ocean sources and
NCN from Pacific Ocean
sources

Intraseasonal MJO
On riie?.bona BSISO1
scillation BSISO2

Phases 1 and 2
Phases 2 and 3
Phases 2 to 6

Phases 1 and 2
Phases 2 and 5
Phases 6 to 1

to an event series. In the following, a detailed explanation of the data and methods
(Section 5.3.1), and the results so obtained (Section 5.3.2) are provided in this section.

89



5. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection

5.3.1. Data and Methodology

We use the ERAS reanalysis data for the JJA season during the period 1980-2020
at a spatial resolution of 1° x 1° for OLR, and zonal and meridional components of
wind at 850 hPa (U850 and V850 respectively). We compute the seasonal anomalies
of the variable based on the seasonal climatology of the entire whole period. We then
divide the whole JJA time series of the above considered climate variables into three
separate time series containing the JJA seasons when ENSO was in the warm (El
Nino), cold (La Nina) and neutral periods, respectively, based on the Oceanic Nino
Index (ONI) [308] values for that season (Table 5.2). The index is computed from
the 3-month running mean of sea surface temperature (SST) anomalies in the Niflo
3.4 region (5°N-5°S, 170°W-120°W), and is based on centered 30-year base periods
updated every 5 years.

TABLE 5.2.: Classification of JJA seasons for the period 1980-2020 into ENSO phases based
on ONL

El Nifio | 1982, 1987, 1991, 1997, 2002, 2004, 2009, 2015

La Nifia | 1985, 1988, 1998, 1999, 2000, 2007, 2010, 2011

1980, 1981, 1983, 1984, 1986, 1989, 1990, 1992, 1993,
Neutral | 1994, 1995, 1996, 2001, 2003, 2005, 2006, 2008, 2012,
2013, 2014, 2016, 2017, 2018, 2019, 2020

We construct three separate networks of OLR by grouping together the El Nifio,
the La Nifia and the neutral monsoon seasons separately (Section 3.5.2). To check if
the statistical relationships are predominantly nonlinear, we make a comparison be-
tween networks constructed from the Spearman’s rank correlation coefficient (Section
2.2.2) and those constructed from mutual information estimated from the k-nearest
neighbour distances (Section 2.2.2) for the same region as considered for the precipi-
tation networks. Both these measures are suitable for OLR data whose distribution
is non-Gaussian. We consider both positive and negative correlations, while mutual
information only gives positive values. We only retain those values in the similar-
ity matrix which are statistically significant (p < 0.05) by testing against randomly
shuffled time series surrogates. Finally, if the value is higher than the 95 percentile
of the significant values in the similarity matrix, the corresponding pair of nodes are
considered to be linked. The results presented here do not consider lagged synchro-
nization, i.e., lag is zero. The networks are therefore unweighted and undirected.
However, the patterns remain mostly unchanged when lags are allowed to vary up to
14 days which might be because ENSO can have a delayed effect on ASM by more
than a season. Then, we compute and plot the degree of the nodes (Eq. (3.4) in
Section 3.3) for each network (Figure 5.9). It is of interest to know which regions are
connected with a region of high degree, in which case we compute the partial degree
for that region (Section 5.2.1).
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FIGURE 5.9.: Spatial patterns of degree for the ASM region for functional networks of OLR
constructed using (a-c) correlation and (d-f) mutual information for different ENSO phases
during the JJA season. (Taken from Gupta et al. [P5])

As seen from Figure 5.9, the spatial patterns of degree for the correlation-based
networks fairly resemble those of the mutual information based networks. Therefore,
most of the connections are not strongly nonlinear [30]. It must be noted that most
high degree features in Figure 5.9, are connected to the boundaries of the network.
Therefore, it can be assumed that the pattern is prone to boundary effects. The
impact of the boundaries on the network measures can be checked by using the cor-
rection procedure outlined in Section 3.5.4 to correct the effect of spatial embedding
on the network [130, 148]. However, the patterns remain fairly unchanged even after
employing the correction (Figure A.11). A probable reason for this is that monsoon
is a large-scale phenomenon unlike tropical cyclones which are highly localized events
(Chapter 4), so the error induced due to the boundaries have significantly much less
impact on the large-scale features of the monsoon than the spatially smaller features
of tropical cyclones. Furthermore, this also implies that the patterns of degree of
the OLR networks are part of a larger pattern which extends outside the considered
region. So it is more suitable to extend the analysis to a larger region which includes
the adjacent Indian and Pacific ocean regions along with the Nino 3.4 region (35°N-
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10°S, 35°E-120°W). However, this will significantly increase the computation cost if
the networks are calculated using the computationally expensive mutual information
and if the network measures need to be boundary corrected. Based on the aforemen-
tioned analysis and arguments, we can safely conduct all further investigations using
only correlation-based networks without correcting for boundary effects.

Since convection and circulation are closely related, we also refer to observations
from correlation networks of the lower tropospheric wind components (Sections 3.5.2
and 3.5.3), constructed for the same period and region, in the interpretation of the
results.

5.3.2. Results and Discussion

The spatial patterns of degree of the OLR networks during JJA season for the different
ENSO phases are shown in Figure 5.10. The common features for all three phases are:
(i) a continuous high degree region along the tropical east coast of Africa, the Horn
of Africa, the Arabian Sea, west coast of India extending up to north-western India
and a part of the Bay of Bengal, (ii) regions of high degree in the tropical eastern
Indian Ocean and Maritime continent, and (iii) patches of high degree in the eastern
Pacific Ocean — one in the subtropics in the Northern Hemisphere and the other close
to the equator in the Southern Hemisphere.

However, there are several topological differences as well — the degree in the western
Indian Ocean is higher during El Nino (Figure 5.10a) than during other phases. The
high degree region over the Maritime continent is predominantly over the Indonesian
archipelago around the equator during El Nifio (Figure 5.10a) while it is split into two
during La Nina, one over the eastern Indian Ocean and parts of Indonesia and the
other over the South China Sea and the Philippines Sea (Figure 5.10b). The ENSO
neutral OLR network has comparatively lesser degree over the Maritime continent
(Figure 5.10c). The high degree regions in the eastern Pacific also has higher values
during La Nina (Figure 5.10b). Next, we investigate the regions which are connected
to the high degree regions in the OLR networks. The partial degree corresponding to
the major high degree regions in the OLR network for the ENSO positive phase (Fig-
ure 5.10a) is shown in Figure 5.11. We see from Figures 5.11a,b that the convection
anomalies in the stretch of high degree nodes of the western Indian Ocean from the
Somalian coast to lower Bay of Bengal are connected to the high degree nodes of the
Indonesian archipelago. However, this connection is highly reduced to almost zero
in the La Nina network (Figure 5.12a,b). Instead, the Indonesian archipelago shows
higher connections to the equatorial central Pacific (close to 170°W; Figure 5.12b).
The dominant high degree region over Philippines and adjacent seas in the La Nina
network however is only locally connected and seems to be associated roughly with
the position of the WNPSH (Figure 5.12c). Interestingly, the region also seems to
have connections, although very less, with the high degree patch in the subtropical
north-eastern Pacific (Figure 5.12¢,d).

The highly connected high degree region in the western India Ocean stretching from
the lower Bay of Bengal to Arabian Sea, up to the Somalian coast, can be understood
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FIGURE 5.10.: Spatial patterns of degree for functional networks of OLR constructed for
the extended region of ASM, which includes the adjacent oceans, for JJA season when ENSO
is (a) positive (El Nifio), (b) negative (La Nifia) and (c) neutral. (Taken from Gupta et al.
[P5])
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FIGURE 5.11.: Partial degree plots corresponding to the high degree regions of Figure 5.10a:
(a) Arabian Sea, (b) equatorial Maritime Continent and (c) subtropical north-eastern Pacific
Ocean. (Taken from Gupta et al. [P5])
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FIGURE 5.12.: Partial degree plots corresponding to the high degree regions of Figure 5.10b:
(a) Arabian Sea, (b) equatorial Maritime Continent, (¢) Philippines Sea and (d) subtropical
north-eastern Pacific Ocean. (Taken from Gupta et al. [P5])

in the following way: Enhanced convection over the ISM region is related to the
magnification of the 850hPa Somalian jet and the southerlies over the Bay of Bengal,
as also observed from the high degree regions in these locations in the V850 network
(Figure A.15). As a response to this enhanced convection over the ISM region, the
850hPa westerlies strengthen to the west of 80°E over a narrow latitude band between
5°-15°N (see high degree in this region in the U850 network in Figure A.12 and also
Figure A.13a).

The connection between the Somalian jet-Arabian Sea and the Indonesian archipelago
regions in the OLR network of the ENSO warming phase (5.10a) is likely to be related
to the longitudinal shift in the upward branch of the Walker circulation along with
the suppressed convection over these regions [256, 309], which may cause a latitudi-
nal shift in the position of the intertropical convergence zone (ITCZ) in the eastern
Indian and western Pacific Ocean, which in turn would influence summer monsoon
circulation in south Asia and western North Pacific [252].

Although the high degree region over Philippines in the OLR La Nina network
does not have connections to other regions, the region is well connected to Malaysia
with a tail extending westward to southern India and the Arabian Sea in the 850 hPa
zonal wind network (Figures A.12, A.13b and A.14a). This connection in the U850
network, however, is reduced during the El Nifio phase (compare Figure A.13b and
A.14a). Philippines and the adjacent seas are known to play a crucial role in the
mechanism by which the ENSO impacts the ASM [261, 278]. A large-scale low-level
anticyclone forms over the Philippine Sea in the post-El Nifio summers resulting from
a Rossby-wave response to suppressed convective heating [310], which has a prolonged
impact on the ensuing early summer Meiyu/Baiu, for example the devastating 1998
floods in Yangtze River valley. However, it is not clear why the region shows up as
an isolated high degree area in the La Nifia network and probably requires a more
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in-depth analysis taking into account whether the ENSO is emerging or continuing,
including the role of the upper tropospheric waves. Nonetheless, it is fairly instructive
that the OLR network analysis distinctly identifies the key regions associated with
the ENSO-ASM relationship.

Moreover, the role of the high degree region over subtropical eastern Pacific Ocean
in the OLR networks is not clear and might be associated with climate anomalies over
North America which has not been included in the analysis. It may be speculated
that its low connectivity with the South China Sea-Philippine sea region may be
associated with the Pacific-North American teleconnection [278].

It is thus clear that the high degree regions of OLR networks in the Indian and
western Pacific regions highlight the two main convective heat sources that power the
Asian summer monsoon system. These are known to distinguish between the ISM
and western North Pacific-EASM variability [253]. The ISM variability is governed by
the Bay of Bengal, India and Arabian Sea region’s heat sources. On the other hand,
the South China Sea and the Philippine Sea’s convection center govern the western
North PacificcEASM variability. The topological differences in the OLR, networks of
the different ENSO phases suggest that ENSO impacts ASM variability by altering
these convective heat sources either directly or indirectly. This is consistent with the
findings of Wang et al. [278].

Additionally, the network topology of the U850 and V850 networks (Figures A.12,
A.15) bear good resemblance to the one-point correlation maps in Figure 5 of Wang
and Fan [253] and can be explained similarly.

5.4. Summary

We have analyzed the spatial synchronization patterns of extreme rainfall in the Asian
monsoon region and the convective processes during the monsoon season. Firstly, we
have constructed complex networks of extreme rainfall events using event synchro-
nization for the June-July-August season. Using the network measure, degree, i.e.,
the number of network links attached to each location, we identified two distinct syn-
chronization modes between the Indian and the East Asian monsoon systems along
with the specific times when each synchronization pathway becomes dominant. This
allows us to distinguish between the specific large-scale atmospheric circulation pat-
terns related to each mode (Table 5.1):

1. Southern mode: The synchronization pathway between the Arabian Sea and
southeastern China (middle and lower reaches of the Yangtze River valley) is
dominant in June. The associated atmospheric circulation patterns are those
which lead to the onset of summer monsoon over India. A moisture corridor
between the west Indian Ocean sources (Somalian jet and the Zanzibar current)
and the western Pacific sources (South China Sea) is established via the Bay
of Bengal in about two weeks from the Indian monsoon onset, leading to the
onset of Meiyu.
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2. Northern mode: As the Indian summer monsoon progresses inland in July,
the path of extreme rainfall synchronization shifts northward, between the core
monsoon zone of India and northern China (near the Yellow River valley). While
there is no substantial transport of anomalous moisture directly via a mois-
ture pathway, the strengthening of the upper-level wave train due to stationary
Rossby waves (the Silk Road teleconnection [279, 286]) leads to synchronous
extreme rainfall conditions over both regions. The rainfall in the two regions
are also found to be phase synchronized at intraseasonal timescales.

We also investigated the role of the tropical intraseasonal oscillation in the mod-
ulation of extreme monsoon precipitation over India and East Asia and in the mu-
tual interaction between the two monsoon systems by using the phase distribution
of the days of high rainfall synchronization. Through our analysis, we have shown
that extreme rainfall events over the Asian monsoon region are favoured by certain
phases of the lower frequency mode (MJO, BSISO1), while the higher frequency mode
(BSISO2) may support the switch between the two connection modes. However, more
detailed investigation is needed to gain a deeper understanding of the extent of the
role played by the intraseasonal oscillation in the synchronization between the Indian
and the Fast Asian summer monsoon.

This study has provided valuable insights into the intricate relationship between the
Indian and East Asian components of the Asian summer monsoon system. Further
extension of this approach, e.g. to shed new light on the relation between the Indian
monsoon and rainfall associated with the Baiu season over Japan, understanding the
role of Rossby waves as a common driver of extreme rainfall over India and East
Asia, as well as the construction of prediction schemes using the above findings can
be outlined as promising future lines of research.

Additionally, we have studied the spatial connectivity patterns of the convection
anomalies during the monsoon season which has enabled us to identify the major
convective heat sources which differentiate the variability of Indian summer monsoon
from that of the western North Pacific-East Asian summer monsoon. The Arabian
Sea, southern Bay of Bengal and the Indian subcontinent are the main convective
heat sources of the Indian monsoon which is also related to the Somalian jet. On the
contrary, the convective system over the Philippines and the adjacent seas regulate
the western North Pacific and East Asian monsoon systems.

We further investigated the impact of the El Nino-Southern Oscillation (ENSO)
on the interactions among these convective sources by distinguishing between the
functional network structures of outgoing longwave radiation during different ENSO
phases. Our analysis revealed that changes in the connection between convection
anomalies of the Arabian sea and those over the Indonesian archipelago occur as the
phase of the ENSO changes which implies that the ENSO-ISM relationship is related
to shift in limbs of the Walker Circulation, and thus the position of the inter-tropical
convergence zone. On the other hand, the relation between the ENSO and western
North Pacific-East Asian monsoon systems occurs through changes in the lower tro-
pospheric circulation pattern over the Philippines and South China Sea. Here, we
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have explored the relation between the connections among the convective processes
and those between the lower troposphere wind anomalies. However, from the results
of extreme rainfall connectivity patterns, we found that the Indian monsoon affects
its East Asian counterpart via the upper tropospheric Rossby waves. It may be of
interest to also investigate the impact of these changes in the convection anomalies
due to the ENSO on the Silk Road pattern, or in general, geopotential height and
wind patterns in the upper atmosphere, as a future scope of this work.

It must be mentioned here that the convection connectivity structure observed here
is most likely the accumulated result of the series of processes triggered by the sea
surface temperature anomalies in the equatorial Pacific in the previous months be-
cause the whole mechanism by which the ENSO impacts the Asian summer monsoon
outlasts a season. In this context, a possible future direction of the investigation is
understanding the changes in the interaction between the convection anomalies in the
spring or winter months due to ENSO, prior to the summer monsoon. Moreover, the
difference in the impact of the decaying or emerging ENSO phases, and further dis-
tinction between the central Pacific and eastern Pacific episodes of the ENSO could
also be explored.

To summarize, the complex network analysis of extreme precipitation events and
convection anomalies provides a comprehensive understanding of the interaction within
the Asian Summer monsoon region at intraseasonal and interannual time scales. It
helps us identify the crucial regions which play a major role in the variability of the
different components of the ASM. Such a detailed understanding of the underlying
mechanisms of the spatio-temporal variability of the Asian monsoon is important to
improve the subseasonal and seasonal forecasting of extreme precipitation.
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6. Spatial variability of error correlations

“Until I know this sure uncertainty, I'll entertain the offered fallacy.”
— William Shakespeare, The Comedy of Errors

6.1. Introduction

Understanding the properties of errors is an integral part of numerical weather pre-
diction in order to produce better forecasts. The state of the system at one location
can have an impact on the state at another location because the different components
of the Earth are intricately linked to each other. Similarly, the error in forecasting the
state of the system at one place can also affect that at another place. Therefore, er-
ror correlations may occur, often due to common error between measured values due
to a common measurement [311], which are indicative of systematic or structured
random errors [312]. Estimating error correlations is a crucial step for producing
quality forecasts and is a key issue for data assimilation [313]. Particularly, proper
estimation of the spatially varying component of the error is important to account
for inhomogeneities and anisotropies in order to further improve the forecasts [314—
316]. However, it has been a significant challenge to diagnose the full geographical
variations of error correlations because the total number of elements of the correla-
tion matrix is overwhelmingly large (square of the number of grid points), making it
challenging to effectively represent them on geographical maps [317]. An economi-
cal approach commonly used to obtain a synthetic view of the spatial variability of
error correlations is to estimate the local correlation length scale and then study its
latitudinal variations [317-319].

In this chapter, we propose a different methodology for examining and visually
understanding the spatial variability of error correlations. We utilize the climate
network framework (Section 3.5.2) which has been used to study patterns of statistical
[30] and causal interactions [256] in different spatio-temporal climate datasets such
as temperature, pressure, geopotential height, wind and precipitation [111, 144, 146,
262, 320] (Chapter 4-5). As the network representation of a spatio-temporal climate
dataset essentially represents the pairwise interaction among the grid points estimated

This chapter is mostly based on the associated work Gupta et al. [P7], which is currently under
review in the Quarterly Journal of the Royal Meteorological Society. All sections in this chapter
except Section 6.5 closely follow this work.
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using causality measures like correlation, mutual information, event synchronization,
etc., the concept of error correlation is similar to the network representation of forecast
errors. Therefore, the wide range of complex network measures derived from graph
theory that are used to analyse the topological features of the complex network [30]
can be readily employed to analyse the spatial structure of error correlations.

Using several examples, we show that the analysis of error correlations using com-
plex network-based approach can provide an understanding of the primary source of
error affecting the variable. The method enables us to identify the important areas
which exhibit high influence on the error properties of the whole region under con-
sideration for a given climate variable. Although, it may be argued that the most
erroneous regions of forecast could be identified instead by comparing the depiction
of climate interactions in the reanalysis data with that in forecasts, such a method
helps to identify the statistical links which are underestimated or overestimated, and
hence the area affected due to them allowing us to detect systematic errors, espe-
cially model deficiencies, which can otherwise get obscured in error correlations due
to smaller orders of magnitude [312]. Therefore, the latter method is effective for
evaluating model performances [56-58, 321-323|. This is different from the proposed
methodology of error networks as the spatial interaction pattern of error network
may be different from that of the climate variable itself. This is shown by comparing
the topology of the error correlation network with that of the respective reanalysis
network, where they are found to exhibit varying levels of differences between each
other for different variables, thereby implying that the spatial variability pattern of
errors may not be directly inferred from that of the corresponding climate variable.

Additionally, it is also of interest to see how the different phases of the El Nifo-
Southern Oscillation (ENSO) affect these error correlation structures, as ENSO is
known to impact predictability of different regions. Our analysis is primarily focused
on analysing error properties of the Asia-Pacific region in the Northern Hemisphere
in the summer months of June-July-August during which the southern and eastern
parts of Asia experience the monsoon. However, it is possible to extend the analysis
for the whole globe and also investigate the seasonal dependence of the errors. Our
findings demonstrate the potential of the climate network approach as a diagnostic
tool for gaining a preliminary understanding of the origins of forecast errors. We are
unaware of any previous research that has used the climate network framework to
examine the spatial characteristics of forecast error.

The remainder of the chapter has been organized as: In Section 6.2, we list the
employed datasets and then outline the methodology. In Section 6.3, we first show
that error correlation networks of different climate variables exhibit significant spa-
tial patterns, and then we discuss our findings on the properties of errors mostly
affecting the Asian Summer monsoon from the analysis of these networks. Thereafter
in Section 6.4, we make a comparison with the error information inferred from the
difference between the reanalysis and forecast networks of the same variables, thus
demonstrating that the analysis of error correlations using network measures reveal
crucial information about the underlying sources of errors. Next, we divide the period
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FIGURE 6.1.: (a-d) Day 5-6 mean forecast error and (e-h) mean absolute error for day 5-6
bias corrected forecasts for JJA 2018 for (a) U850, (b) V850, (c¢) Z850 and (d) OLR. (Taken
from Gupta et al. [P7])

of analysis according to the phases of the ENSO and compare the corresponding error
network topologies in Section 6.5. Finally, in Section 6.6, we provide some concluding
remarks regarding the relevance and the future scope of the work.

6.2. Data and Methodology

6.2.1. Data and pre-processing

We use the ERA5 reanalysis data [162] at a spatial resolution of 1° x 1° and daily
mean of the hourly values for the period 1980-2020, for outgoing long wave radiation
(OLR) as well as a few lower tropospheric (at 850 hPa) climate variables, namely,
the geopotential (Z850), and the meridional (V850) and zonal (U850) components
of wind. Forecast data for the same variables is obtained from the 10-day forecasts
produced from the same system by averaging over the time interval 120-144 hours
(day 5-6). The forecast lead-time of day 5-6 is chosen to focus on large-scale errors in
the medium-range and also to get error propagation that is beyond linear advection of
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error structures [324]. Daily anomalies of the variables were computed with respect
to the daily climatology of the whole period of analysis. The forecast errors are
computed by subtracting the reanalysis from the forecast data (Figure 6.1a-d). The
effect of the mean bias in the forecast model is removed by the subtracting the mean
error from the forecast error time series. The absolute of the resultant values in the
error time series is used for our subsequent analysis (see Figure 6.1e-h).

The error properties during the June-July-August season are analysed using our
climate network approach. The analysis is restricted to the Asian Summer Monsoon
region and the adjacent Indian and Pacific Oceans, which play an important role
during the monsoon. The region of interest extending from 35°N to 10°S and from
30°E to 120°W, includes the Nino 3.4 region (5°N-5°S, 170°W-120°W) as El Nino-
Southern Oscillation is known to considerably affect the inter-annual variability of
the Asian Monsoon [252] (Section 5.3). The Oceanic Nino Index is used to identify
ENSO phases, which is based on variations in 3-month running means of sea surface
temperatures in the Nino 3.4 region [308].

6.2.2. Methods

The spatial coherence pattern of the reanalysis, forecast and forecast error data are
obtained using climate network based approach outlined in Section 3.5. The specifi-
cations of the network construction and the measures used to analyze and compare
the network topologies are described below.

Network Construction

We construct the functional network representation (Section 3.5.2) of the spatio-
temporal climate data sets described above, wherein the spatial grid points of the
ERAS5 data are the nodes of our network. We calculate the links of our network by
computing the Spearman’s rank correlation coefficient (refer to Eq. (2.12) in Section
2.2.2) between different pairs of nodes at zero lag. We perform a significance test
on our data and construct the correlation matrix by retaining only those correlations
whose p—values are less than 0.05. We choose the threshold 7 such that strongest 5%
correlations (ignoring the sign of the correlation) are retained and the corresponding
pairs of nodes are considered to be connected. Then the adjacency matrix A repre-
sentation of the network is obtained as described in (Section 3.5.2). We note that
Aij = Aj;, ie., the adjacency matrix is symmetric. This results in an undirected,
unweighted network.

Network Measures

Following the construction of the climate networks, we compute the network measure
degree k; (Eq. (3.4)). As in most cases, the high degree nodes play an important
role in the functioning of the system, the degree centrality can be a useful guide for
focusing our attention on the system’s most crucial regions, which in this case have
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either strong influence on the forecast errors of other regions or are strongly influenced
by them. In order to find the areas interacting with a region R of high degree in the
climate network, we calculate the partial degree {k;}r of the nodes in the network,
which yields the number of links connecting a node ¢ outside R with the nodes within
R.

If the errors are uncorrelated, as in case of independent random errors, the forecast
error network would be completely random. However, if the errors of different grid
points have a partially predictable relationship between them due to an underlying
process which is either deterministic or a random process with structures, then the
errors exhibit correlated structures which will get depicted as definite spatial pat-
terns in the forecast error network. Since only the highest correlations to construct
our network are preserved, the most dominant structured errors causing the strong
spatio-temporal correlation in the forecast error of the climate variable are expected
to show up in the spatial distribution of high degree nodes in the network. The sig-
nificance of the degree distribution of the forecast error network can be tested against
that of random networks (Section 3.4), as they do not contain nodes with unusually
high degree (‘hubs’) unlike real-world networks [41]. Therefore, the degree distribu-
tion of the original network can be compared with the mean degree distribution of
Erdés—Rényi networks [129] with the same number of nodes and average degree ob-
tained by rewiring the links of the original network entirely randomly. However, it
is more appropriate to test the significance of the degree distribution of the original
climate network against that of spatially embedded random networks [130, 148], as
climate networks are spatial networks, and hence the influence of spatial embedding
on the network structure due to distance-based costs of links should be taken into
account (Sections 3.5.4 and 3.2).

We also measure of preferential connectivity in the networks based on the node
degree by computing the degree assortativity coefficient r in order to estimate the level
of homogeneity/heterogeneity of real networks (Section 3.3), as a more assortative
network is more homogeneous and vice-versa.

Finally, we calculate the Common Component Function (CCF), which measures
the number of common links between a pair of networks [128] in order to quanti-
tatively compare how similar the network topologies of the two networks are (refer
Section 3.3). This will be useful here to quantify the degree of similarity between the
reanalysis, forecast and forecast error networks.

6.3. Spatial patterns of Error correlation networks

The forecast error networks of different climate variables are shown in Figure 6.2a-d.
They exhibit definite significant spatial patterns of degree unlike random networks
(Figure 6.3). This indicates the presence of an underlying systematic or random
process that leads to spatio-temporally interrelated errors. We see that the degree
distribution of the forecast error networks (Figure 6.3) have long right tails, indicating
that fewer nodes have very high degrees. We focus on the high degree nodes in the
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FIGURE 6.2.: Spatial patterns of network measure degree of forecast error networks for (a)
U850, (b) V850, (c¢) Z850 and (d) OLR. Spatial pattern of network degree from reanalysis
data for (e) U850, (f) V850, (g) Z850 and (h) OLR. (Taken from Gupta et al. [P7])

forecast error networks of Figure 6.2 which are important regions affecting the be-
haviour of the forecast error patterns of the whole region. Since the network measure
degree counts the number of links of each node, representing pairwise interactions,
the dominant errors causing a pattern of influence on the forecast of multiple regions
show up as a particular pattern of locally or distantly connected high degree nodes
in the network.

In case of both the wind components at 850 hPa (U850 and V850), the part of
western North Pacific Ocean adjacent to Southern China and the Maritime Conti-
nent exhibits the highest degree (Figures 6.2a-b). Furthermore, we find that the
connections of these high degree nodes are limited to the nodes in this region only
(Figures 6.4a-b). The mean absolute forecast error of U850, V850 and Z850 in Fig-
ures 6.1e-g shows that the region a bit more north of the highest degree regions of the
wind error networks is associated with large error in the Western Pacific Subtropical
High (WPSH). While the area of the WPSH in Figures 6.2a-b shows higher degree
than most of the other regions, it appears that the southern boundary of the WPSH
exhibits the highest correlated error structures as seen from the region of the highest
degree. WPSH is an important circulation pattern which affects the Asian summer
monsoon and the tropical cyclone activities in the highly active western North Pacific
Ocean basin. Recent studies [184, 325, 326] have exhibited that subsequent track fore-
cast errors of tropical cyclones are strongly sensitive to the small initial errors in the
predictions of WPSH, which can fluctuate on synoptic time scales, therefore, is prone
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FIGURE 6.3.: Degree distribution comparison of forecast error network (FE) with the mean
distribution of 100 Erdés-Rényi (ER) networks with the same number of nodes as FE and
random rewiring of the original links, and that of 100 spatially embedded random networks
(SERN) with the same number of nodes and link distance distribution as FE for (a) U850,
(b) V850, (c) Z850 and (d) OLR. (Taken from Gupta et al. [P7])
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(Taken from Gupta et al. [P7])
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FIGURE 6.5.: Partial degree associated with the regions in yellow boxes showing the areas
connected to those regions in the OLR forecast error networks. (Taken from Gupta et al.
(P7])

to non-systematic errors [184]. Gao et al. [327] also showed that there are systematic
biases in the WPSH forecasts, such as a smaller area, eastward and southward shift of
location. The predictability of WPSH is a pre-requisite for the improved prediction
of not only western North Pacific tropical cyclones but also that of the Asian summer
monsoon rainfall [328]. The small high degree region over south-west India is locally
systematic or correlated and may be related to the wind errors associated with onset
of monsoon over India.

However, the region of WPSH is not seen to exhibit high degree in the forecast error
network of Z850 (Figure 6.2c). Instead, we see a high degree in the region of equatorial
central Pacific Ocean, along with a lighter patch of comparatively lower degree in the
equatorial Indian Ocean. These regions are also associated with large mean forecast
errors in Z850 (Figure 6.1c), and show diverging wind error fields. This suggests that
the error might be related to the inter-tropical convergence zone (ITCZ) as also seen
in the mean absolute forecast error of OLR (Figure 6.1h). The connections of the
high degree nodes in the equatorial central Pacific region is limited to the nodes in the
same region (Figure 6.4c), although, the connectivity structure appears to be much
smoother than those of the wind error networks (Figures 6.4a-b). Furthermore, even
though all the forecast error networks (Figure 6.2) are assortative, i.e., high degree
nodes have a tendency to be connected to high degree nodes, as seen from Table
A1, the Z850 forecast error network (Figure 6.2¢) particularly has a very high degree
assortativity of » = 0.8 indicating more homogeneity than the other networks. Such a
homogenous large scale connectivity structure in the geopotential height error network
is possibly due to errors in the forecasts of the tropical circulation associated with a
lack of direct observations of wind profiles and with complex tropical dynamics. As
the coupling between the geopotential height and winds (quasi-geostrophic balance)
is weaker in the tropics, the flow has to be decomposed into a balanced component,
represented by the equatorial Rossby waves, and an unbalanced component consisting
of inertio-gravity (IG) waves [329]. The representation of the unbalanced tropical
circulation, which is used to describe tropical variability in both the atmosphere
and the oceans on all scales, is a source of significant uncertainties in both weather
forecasts and climate models [329, 330]. In particular, the spatial pattern of degree of
the Z850 error network (Figure 6.2c¢) is similar to the geopotential height perturbation

106



6.4. Effect of statistical relationships in Reanalysis/Forecast data on Error correlations

at 850 hPa of the zonal wave number 1 equatorial Kelvin wave [329, 331], which is
believed to be the main driver of the Madden-Julian oscillation system [332, 333].

The forecast error network of OLR (Figure 6.2d) shows multiple regions of very high
degree. There are three separate patches of high degree in the Pacific Ocean — two
in the Northern Hemisphere and one just below the equator. The grid points in the
Maritime Continent, northwest India and Pakistan, along the moisture-bearing cross-
equatorial south-westerly low-level jet coming from the Somalian coast also exhibit
high degree. We find the regions connected to these high degree regions by computing
the partial degree of some nodes within the region (Figures 6.5 and A.16) and observe
that the three high degree regions in the Northern Hemisphere are interconnected to
each other. Similar behaviour is observed for the three high degree regions in the
Southern Hemisphere, although the number of links are comparatively less. These
regions coincide with the position of the ascending/descending limbs of the Walker
Circulation (Figure 6.6) of the ENSO neutral years, classified based on the Oceanic
Nino Index [308].

The association of the spatial pattern of degree of the OLR forecast error network
to the Walker circulation points towards cloud biases in the forecasts which leads to
systematic errors in the simulation of the ITCZ, as seen from Figure 6.1h. The mis-
representations of ocean-atmospheric interactions and the thermodynamic processes
in the equatorial Pacific such as too strong equatorial zonal surface winds give rise to
the cold tongue bias in the forecast models which extends westward and is stronger in
the boreal summer [334]. [328] in their investigations using empirical orthogonal func-
tion (EOF) analyses of boreal summer geopotential height at 850 hPa showed that
an anomalous central Pacific cooling shifts the rising limb of the Walker circulation
cell westward. This suppresses convection high degree region around 160°E (Figure
6.2d), and enhances convection over the Maritime continent [335] (high degree region
in Figure 6.2d), both of which can strengthen the WPSH, the former via generating
descending Rossby waves and the latter by inducing equatorial easterlies over western
Pacific [336]. The above suggests a possible mechanism by which conditional biases
in one of the processes might induce error in different variables, which then show up
as different topological patterns in their forecast error networks.

6.4. Effect of statistical relationships in Reanalysis/Forecast
data on Error correlations

Although, from the aforementioned discussion, it is evident that the spatial connec-
tivity pattern of forecast error mostly reveals the conditional biases in the forecast
of the variable, it is important to understand whether the spatio-temporal connec-
tivity pattern of the error is inherited from that of the observed or predicted climate
observable. In other words, for a given climate variable, whether an existence of
a high statistical dependency between two regions may cause a correlation between
their predictability skills due to common errors arising from the same process which
connects them. In terms of climate network, this question transforms to whether the
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FIGURE 6.6.: Longitude-height plots of ERA5 reanalysis climatology of vertical velocity
(in Pa s71) for June-July-August for ENSO Neutral years between 1980-2020, 35°E-120°W,
averaged over 35°N-10°S. Negative values indicate upward motion (ascent) while positive
values indicate downward motion (subsidence).

interaction structure of reanalysis (and therefore, forecast) data resembles that of the
forecast error data.

We compute CCF to count the fraction of common links between the reanalysis,
forecast (Figure A.17) and forecast error networks (Figure 6.2) of the different climate
variables (Table 6.1). We see that the connectivity structure of forecast error networks
have a varying degree of similarity with reanalysis or forecast networks for different
climate variables. For instance, the similarity between the forecast error network and
reanalysis network is the highest for Z850 (CCF (R, FE) ~ 0.8), less similar for OLR,
and least similar for the wind components, U850 and V850. This indicates that for a
given climate variable if two regions have a high statistical interdependency between
them, their predictability skills may not be correlated. It can be inferred that for
7850, the underlying climate phenomena responsible for the interaction pattern in
the reanalysis data is highly likely the cause of the correlations between the forecast
errors. This is however, only partially the case for OLR and even less so for the
wind components. The underlying climate interactions responsible for the spatial
coherence patterns of the reanalysis (and forecast) data of OLR, U850 and V850 are
described in Section 5.3 and the general pattern of geopotential height networks in
Tsonis and Roebber [144].

It must be mentioned that, although not exact but there is high resemblance be-
tween the reanalysis and forecast networks (CCF (R, F) ~ 0.9), i.e., the state-of-the-
art ERAD system well-simulates the real climate system. However, it must be clarified
that the 5-day forecast error networks do not simply reproduce the excess/missing
links between the reanalysis and forecast network (Figure A.17). This can be veri-
fied by comparing the pattern of the difference in degree of reanalysis and forecast
networks (Figure A.18) with Figure 6.2. Except for Z850 (Figure A.18c), the error
networks of other variables bear little resemblance with the degree difference pat-
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TABLE 6.1.: Common Component Function (CCF) values between Forecast error (FE),
Reanalysis (R) and Forecast (F) networks of U850, V850, Z850 and OLR.

Variable CCF(R,FE) CCF(F,FE) CCF(R,F)

U850 0.580 0.579 0.909
V850 0.535 0.527 0.881
7850 0.808 0.784 0.937
OLR 0.620 0.620 0.858

tern between reanalysis and forecast. The degree difference for U850 (Figure A.18a)
shows missing interactions in the western North Pacific Ocean. Several differences
between reanalysis and forecast networks of wind (Figures A.18a-b) also occurs in
the Northern Indian Ocean, and monsoon affected regions of south India, southern
China and Maritime Continent. Errors related to overestimation/underestimation of
links in the ITCZ can also be seen in the degree difference between reanalysis and
forecast networks of OLR (Figure A.18d). However, as our purpose here is not the
evaluation of climate interactions predicted by models [56, 57, 321, 323], we do not
seek a detailed understanding of the differences between the reanalysis and forecast
network connectivity structure. But from our aforementioned discussion, it is clear
that the topological structure of forecast error correlation network of the climate vari-
able indeed highlights the primary source of structured error for that variable, which
might not be revealed from the connectivity structure of the variable itself.

6.5. Impact of El Nino-Southern Oscillation on Error
Correlations

We divided the mean absolute model bias corrected forecast error time series (JJA
season 1980-2020) of the above considered climate variables into three separate time
series containing JJA seasons when ENSO was in the warm (EI Nino), cold (La Nifia)
and neutral periods respectively based on the ONI values [308] for that season (Table
5.2). Figures 6.7-6.9 and A.19 show the respective forecast error networks of the
variables for the different ENSO phases.

In case of the error networks of the wind components for different ENSO phases
(Figures 6.7 and A.19), the error networks show a high degree at the region corre-
sponding to the WPSH similar to the networks for all years (Figures 6.2a-b). However,
the values of degree are different along with the shape of the high degree region. Both
the wind components show a higher error correlation in the neutral years (Figures
6.7c and A.19c) and the pattern resembles the most to that of all years among the
three phases. The values of degree are comparatively lower for the JJA seasons when
El Nifo is active, and the pattern extends more southeastwards (Figures 6.7a and
A.19a). The degree is lowest during the La Nifia periods when the high degree region
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FIGURE 6.7.: Spatial patterns of degree for functional networks of V850 forecast error when
ENSO is (a) positive (El Nifio), (b) negative (La Nifia) and (c¢) neutral.

extends northeastwards Figures 6.7b and A.19b). There is also higher degree over
southwestern India in the neutral periods Figures 6.7c and A.19c).

The ENSO neutral Z850 error network (Figure 6.8c) resembles that for all years
(Figure 6.2c). However, there are some difference for the El Nino and La Nina periods.
Compared to the neutral periods, the high degree values in the equatorial central
Pacific Ocean is reduced while that in the equatorial Indian Ocean is increased during
the El Nino periods (Figure 6.8a), while the reverse happens during the La Nina
periods (Figure 6.8b).

The OLR error networks for different ENSO phases (Figure 6.9) show similar spatial
patterns of degree as that for all years (Figure 6.2d), except that the values of degree
are lower for the El Nifio and La Nina periods (Figure 6.9a-b), while the connectivity
pattern for the neutral period (Figure 6.9c) bears most resemblance to that of all
years. There are also some topological variations in the OLR error connectivity
structure during El Nino and La Nina. During El Nino, the high degree region in the
Pacific Ocean is longitudinally more spread than during other phases (Figure 6.9a).
There is also lesser degree over the Maritime Continent. On the other hand, there
is higher degree over northwestern India and the Maritime Continent during the La
Nina period (Figure 6.9b) compared to that during El Nifio (Figure 6.9a).

ENSO is the primary source of predictability at seasonal time scales. The error
correlation features are observed to be stronger during the neutral periods proba-
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FIGURE 6.8.: Spatial patterns of degree for functional networks of Z850 forecast error when
ENSO is (a) positive (El Nifio), (b) negative (La Nifia) and (c) neutral.

bly due to the decrease in predictability in ENSO neutral years. The variation in
the error network topology under different ENSO forcing sheds light on how the in-
terrelationship between predictability skill of different locations changes due to the
ENSO.

6.6. Summary

The results presented in this chapter highlight the applicability of the climate network
framework as an effective tool to study the spatial variability of error properties of
different climate variables. They can find applications in numerical weather predic-
tion, particularly in data assimilation, and assessment of errors in other fields. Such
an approach provides a way to effectively visualize the N x N error correlation matrix
on a N-grid point geographical space along with performing an in-depth analysis of
the local and global effects of errors using the multitude of graph theory measures.
We demonstrate the effectiveness of the network-based approach to study error
correlations using one of the basic network centrality measures, the degree. Using
a few examples, namely, the zonal (U) and meridional (V) components of wind and
geopotential (Z) at 850 hPa, and outgoing long wave radiation (OLR), we illustrate
that the corresponding forecast error correlation networks of the climate variables
show definite spatial patterns of degree which are significantly different from those of
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FIGURE 6.9.: Spatial patterns of degree for functional networks of OLR forecast error when
ENSO is (a) positive (El Nifo), (b) negative (La Nifia) and (c) neutral. (Taken from Gupta
et al. [P7])

random networks. Such patterns indicate the existence of underlying systematic or
structured random processes that give rise to a relationship between the errors. Our
analysis performed on the Asia-Pacific region for the June-July-August sheds light on
the dominant conditional biases in the 5-day forecasts of a particular climate variable.
In particular, the wind forecast error networks reveal that the southern boundary of
the western North Pacific Subtropical High exhibits highly correlated errors, while
the Z850 error network depicts errors in the representation of the tropical circulation.
Although the wind and geopotential error networks exhibit a large cluster of connected
errors, the OLR error network reveals several distant areas of high degree connected
to each other. It is found that the high degree regions considerably overlap with the
ascending/descending limbs of the Walker Circulation during the neutral El Nifo-
Southern Oscillation (ENSO) years and may have relations to cloud biases in the
inter-tropical convergence zone.

The complex network analysis of the errors thus enables us to identify the most
crucial regions which exhibit dominant influence on the predictability skill of whole
geographical area. This helps us to conduct a preliminary diagnosis of the structured
errors responsible for causing the deviation of forecast values from the reanalyses.
Furthermore, we show that such a clear pattern of correlated error structures is not
always directly evident from the statistical interaction of the climate variable itself
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as the connectivity structure of error networks may be different from that of the
reanalysis network to varying extent for different climate variables. This implies that
the underlying driving mechanism giving rise to statistical dependency in the climate
variable of two regions may not be the common source of error causing the error
correlation. Our further investigation on the variation in the connectivity structure
of the error network for different phases of the ENSO provides insight into how the
ENSO affects the relationships between the predictability skills of various locations.

Though our results are based on only one network measure, several other network
measures (not shown here) can be used to derive other quantities of interest from
the error correlation matrix. Some of them maybe outlined as follows. Mean geo-
graphical link distance (Figures A.20 and A.21), which calculates the mean of the
spatial great-circle distances of a node to all its connected neighbours [P2, 48, 50],
can be used to obtain an estimate of correlation length scale associated with each
grid point [317, 319]. The triangular or hexagonal structure of error correlations can
be studied using measures of cliques and clustering in networks [P2, 30, 41]. Diag-
nosis of the main direction and intensity of the local correlation anisotropies is an
interesting way to evaluate the properties of heterogeneous covariance formulations.
This can be studied using network measures characterizing the spatial directedness
of connections such as edge anisotropy [337] and edge directionality [338]. It must be
mentioned here that these network measures may be affected to varying levels by the
artificial boundaries introduced to conduct a regional analysis requiring a correction
procedure to remove boundary effects [148]. However, it is more appropriate to com-
pute measures such as the mean geographical link distance and edge anisotropy for a
global network to get a correct estimation, in which case boundary correction is not
necessary. Furthermore, vertical correlations may be studied in a similar fashion as
the horizontal correlations shown here. The method can also be extended to analyse
multivariate correlations using the concept of network of networks [147] instead of
studying univariate correlations as done here.
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7. Conclusion

Against the backdrop of Earth system analysis, the larger goal of this dissertation
was to contribute to our understanding of climate variability at different time scales.
The path taken to achieve this understanding was through a holistic approach by
applying complex network theory to the analysis of climate data. In the following, we
review the main contributions of this thesis, examine the main challenges faced and
the related open questions, and outline the potential directions of future research.

7.1. Contributions of this thesis

The first part of the thesis (Part I) provides an introduction to the necessary con-
cepts on synchronization measures and complex network theory, which are applied
in Part II. In particular, Chapter 2 defines measures to detect various kinds of syn-
chronization based on Continuous Wavelet Transform analysis which can be used to
identify hidden synchronization from measured time series of chaotic systems within
any preferred frequency range [P6]. However, since changes in synchronization can
occur on rather large temporal or spatial scales in the macroscopic level, it is essential
to know whether there exists a predictable relationship between the variables before
identifying the kind of synchronization. So, some common measures to quantify the
degree of synchronization or co-variability such as correlation, event synchronization,
etc., which are used in this thesis have been explained. Chapter 3 builds on the
idea of synchronization as a form of collective behaviour in a complex system which
consists of various interacting components and can be represented using a complex
network. The concept is further extended to explain the framework under which
spatio-temporal data such as different climatological variables can be analysed, and
meaningful information about interaction structure and collective dynamics exhibited
by the underlying complex system can be extracted.

Complex networks have provided insights into the underlying climate mechanisms
along with innovative ways of prediction of climate variability at large scales (El Nino-
Southern Oscillation [43-45], Indian Ocean Dipole [42], Indian Summer Monsoon [53],
South American Monsoon [52], etc.) by detecting the spatial propagation of coherent
patterns. The first aim of this thesis was to investigate whether this approach could
be used to capture spatio-temporal coherent structures of variability at smaller time
scales, such as at weather or intraseasonal time scales. Such an application could
be helpful to construct prediction schemes for extreme weather events, which will
have significant implications for the meteorological community in particular, and
society in general. The second goal was to integrate the complex network approach
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with climate modelling to provide alternative perspectives which can contribute to
the improvement of numerical weather forecasts. In accordance with the above, the
contributions of this thesis mainly address the following questions:

Can complex network approach be used to study the dynamical changes of
spatial patterns of variability of individual extreme weather events?

The framework of time-evolving complex networks can be applied to characterize pat-
terns of weather variability which are particularly important during the occurrence of
extreme weather events. In Chapter 4, we applied this framework to understand the
rearrangement of the underlying interaction structure of the pressure and vorticity
fields during some particular tropical cyclone cases in different cyclone basins. The
main challenge here was that tropical cyclones are highly localized extreme events
having a short lifespan of approximately 7-10 days and can undergo rapid intensi-
fication or dissipation at hourly time scales. Using correlation-based evolving net-
works constructed over sliding 10 day-time windows, we showed that network based
indicators can capture the signatures of the cyclone. In particular, the local cluster-
ing coefficient showed a high resemblance to the cyclone tracks. The application of
Kendall’s 7 coefficient, which performs well for short time series, instead of the con-
ventionally used Pearson’s or Spearman’s correlation coefficient to estimate the link
strength, enabled us to construct these networks which could capture the formation
of statistically significant localized structures of high connectivity during a cyclone.

In the next step, we made an attempt to study the evolution of the interaction
between cyclones when two cyclones are in close proximity. In this case, the time-
averaged correlation-based networks are not of much help to study the dynamical
changes at hourly time scales. So we proposed an innovative approach to estimate
the directed interaction between any two nodes of the vorticity network by using the
Biot-Savart law, which gives the velocity induced by one flow element on another
based on the instantaneous value of the relative vorticity of the former. Although
this law applies strictly to incompressible flows, we found that networks constructed
in such a manner can quantitatively describe the transitions during the interaction
between binary cyclones. Network measures derived from these directed evolving
vorticity networks were able to successfully classify the various stages of binary cyclone
interaction prior to complete merger for two such recent examples — the Noru-Kulap
interaction in the North Pacific Ocean in July 2017 and the Seroja-Odette interaction
in the Southern Indian Ocean in April 2021. This thereby establishes the utility
of complex networks in the characterization of weather variability during individual
extreme weather events.

Associated publications: Gupta et al. [P2] and De et al. [P3]
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Can complex network theory be applied to studying climate variability at
intraseasonal timescales? How has our understanding of the Asian Summer
Monsoon system improved in this regard?

The spatial variability of the Asian Summer Monsoon (ASM) is broadly dictated by
many factors such as the differential heating due to the topography of the region, the
surrounding water bodies, the upper level winds, and the tropical oscillations which
are intricately linked with each other. The two components of the ASM, the Indian
and the East Asian Summer monsoon (ISM and EASM respectively), therefore ex-
hibit a complicated relationship with each other despite affecting different regions,
which varies as the season progresses. In Chapter 5, our event synchronization based
complex network analysis revealed the spatial coherence of extreme precipitation in
the Asian Summer Monsoon region. We identified two dominant synchronization
pathways between the ISM and the EASM: (a) a southern mode connecting onset of
the ISM over the Arabian Sea and southern India in June to the onset of Meiyu over
south-eastern China, i.e., lower and middle reaches of the Yangtze river valley, and
(b) a northern mode relating the occurrence and intensity of rainfall over the northern
and central parts of India to those in northern China during July. A slight modi-
fication of event synchronization allowed us to determine the specific times of high
synchronization of extreme precipitation, using which we were able distinctly identify
the particular large-scale atmospheric circulation and moisture transport patterns
associated with each mode. The southern mode of interaction was found to occur
mainly due to the convergence of the south-westerly moisture bearing low level winds
coming from the Somalian coast, with the easterly winds associated with the position
of the Western Pacific Subtropical high. On the other hand, for the northern mode,
while the moisture sources were identified to be primarily local for the Indian and
East Asian systems, the in-phase relationship between the India and north China is
due to the Silk Road Teleconnection. Furthermore, we showed that the northward
progression of the synchronization mode between the ISM and the EASM as the
season progresses may not be solely due to the tropical intraseasonal oscillations as
thought previously, although there is a considerable influence. Particular phases of
the lower frequency modes (40-50 days variability) of the intraseasonal oscillations
were found to favour the overall occurrence of extreme rainfall events in the ASM
region, while the higher frequency mode (10-20 days time period) likely supports the
shifting between the ISM-EASM interaction mode. Therefore, identification of days
of high rainfall synchronization using event synchronization was particularly useful in
unravelling the climate mechanisms which cause the intraseasonal variability of the
spatial synchronization patterns of extreme rainfall in the ASM region.

Associated publications: Gupta et al. [P4]
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How do the spatial co-variability patterns of the convection processes that
power the Asian Summer Monsoon change at interannual time scales depending
on the phases of the El Nifio-Southern Oscillation (ENSQO)?

The spatial co-variability patterns of the convection anomalies during the ASM season
revealed the dominant convective sources which power the monsoon system (Chapter
5). Although outgoing long wave radiation (OLR) is a good proxy for heavy pre-
cipitation in the tropics and subtropics, the interaction structure was quite different
from that of extreme precipitation, possibly due to the inclusion of more information
in the continuous time series of OLR than the event-like extreme precipitation data.
The OLR spatial co-variability patterns also showed a distinct interannual variability
depending on the phases of the ENSO. The main convective sources associated with
the ISM were identified to be the western Indian Ocean and the Indonesian region,
while the Philippine and the South China Sea was found to be the primary convective
source for the western north Pacific and East Asian monsoon systems, hence confirm-
ing earlier studies. ENSO was found to modulate both components of the ASM via
their respective convective sources. The primary mechanism behind the ENSO-ISM
relationship was found to be associated to the shift in the limbs of the Walker circula-
tion. In contrast, the ENSO impacts the northwestern PacificcEASM system through
changes in the lower tropospheric circulation patterns. Such a comprehensive study
of the interannual variation in the spatial co-variability pattern of convection pro-
cesses has not been conducted earlier using complex network approaches. However,
the results showed the effectiveness of the analysis which could also be applied to
other monsoon systems.

Associated publications: Gupta et al. [P5]

Can complex network-based approaches provide an understanding of error
properties in forecast data ?

Apart from evaluation of teleconnections in climate models, we showed in Chapter 6
that the spatial correlation matrix of forecast errors for a particular climate variable
can effectively be represented using the climate network of the spatio-temporal fore-
cast error data, This could then be useful in analysing its spatial co-variability. As
presence of correlated errors imply some associated underlying systematic or random
process causing the relationship between the errors, the analysis of the topological
structures in the error correlation network unveiled information about the dominant
source of error. As an example, the dominant error source in the lower tropospheric
winds associated with the ASM was the western Pacific Subtropical High, whereas
the error network of OLR data revealed systematic biases associated with the Walker
Circulation. The phases of the ENSO were also found to affect the relationship be-
tween the errors of different locations. The relevance of this approach lies in the fact
that the properties of error are not always immediately evident from the interaction
pattern of the climate variable itself because the mechanism causing the relationship
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between errors might be different from that leading to a statistical dependency of the
climate variables. This application of complex networks is first of its kind and shows
its potential to be a very promising diagnostic tool to obtain an initial understanding
of the origin of forecast errors.

Associated publications: Gupta et al. [P7]

7.2. Challenges and Outlook

As illustrated by the various applications presented in this thesis, complex network
approaches to analyse climate data have a great potential to distill meaningful in-
formation from it. They can be used complementary to other approaches to gain
better insight of the functioning of the climate system at various scales. However, de-
spite the appeal of its holistic ethos, representation of data with functional networks
has several potential limitations. The most important point which must be kept in
mind while applying the method is that the functional networks do not represent
the actual representation of the underlying complex system, but the functional con-
nectivity so obtained is manifested indirectly in the observations. Consequently, the
links estimated using similarity measures may be erroneous. Prediction of missing
links from an observed network is an active area of research in this direction [339,
340]. Another source of error is the thresholding of the interaction matrix to obtain
the unweighted network. Here, although the choice of the threshold is guided based
on several arguments and significance tests (Section 3.5.2), it may be affected by
biases in estimating the similarity measures (e.g., whether or not binning is used to
compute mutual information), and the fact that some link strengths may be overes-
timated or underestimated as correlation does not imply causation. Therefore, our
interpretation of the links are also guided by their physical interpretations which may
be readily available or might involve further analysis (Chapter 5). Another possible
approach to this problem may be via application of causal inference methods [256]
or by performing a link bundle test to indicate significantly important connections
[111]. However, the latter approach may be unreliable when the underlying data is
locally correlated [341] because this may potentially lead to spurious link bundles
even if one spurious long edge is present. Furthermore, the nodes of the network may
also contain errors related to uncertainty in measurements and therefore require error
assessment. This issue may be partly addressed by construction of error networks
(Chapter 6) for different types of errors such as those related to observations, models
or background which would be helpful in understanding the systematic biases.

One of the most challenging steps of representing data with networks involves the
choice of relevant variables, i.e., how to define the nodes and the links, because the
complex systems may have multiple representations [342]. In case of climate networks,
this involves two central choices, one of the climate variable relevant to the phenomena
under study and the other of how to define the interaction between the grid points.
This should be a thoughtful consideration and may involve several trials, as is evident
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from Chapters 4 and 5. In Chapter 4, among several possible choices of variables such
as sea surface temperature, surface air temperature, pressure, relative vorticity, it was
found that pressure and relative vorticity were the most suitable variables to capture
signatures of the cyclone. Similarly, in Chapter 5, while precipitation data itself was
useful to study the patterns of extreme rainfall synchronization associated with the
ASM, it was not a good choice to understand the impact of the ENSO on the ASM.
Furthermore, we had to consider different choices of similarity measure to reduce
errors due to the property of the data: correlation was not a suitable choice for event-
like data, Kendall’ 7 coefficient performed better than Pearson’s correlation coefficient
for short time series, and vorticity links calculated on the basis of the Biot-Savart law
instead of correlation enabled us to track instantaneous interactions. Moreover, in
case of spatial networks, the choice of the relevant spatial and temporal scales is
important and is dependent on the scale of the phenomena which is of interest.

Another important problem encountered while representing climate data with net-
works is the choice of network measures. The complex network theory, and its exten-
sion to spatially embedded networks, offers a wide range of network measures to char-
acterize various properties of the network, such as identifying important nodes using
centrality measures, or characterizing coherent structures using clustering measures.
Nevertheless, it is essential to refrain from applying them in a black-box manner,
but instead to consider the context, and carefully weigh their limitations and inter-
pretability [343]. This assumes more importance in interdisciplinary applications of
network theory such as in climate data where network analysts often struggle to pro-
vide an interpretation of the network measures to the meteorologists, in which case
the approach may lose its appeal. Keeping this in mind, in this dissertation, we have
used only those network measures which can be effectively interpreted in climatolog-
ical terms for a particular application. As an example, to indicate the presence of
spatial continuity in networks which is observed during cyclones (Chapter 4), we have
preferred the use of clustering coefficient to that of betweenness coefficient [41, 146]
owing to several reasons. First, the interpretation of betweenness coefficient in func-
tional networks is debatable (some work to resolve this has been done by Molkenthin
et al. [344]); second, betweenness centrality is extremely dependent on the sparseness
of the network [341]; and third, it significantly increases the computation cost for
time-evolving networks.

Finally, construction of a randomized null model to testing a certain network prop-
erty is also an issue because it requires assumption of a testing hypotheses of what
the network is not, which is often guided according to the given situation [343]. An
example is when the Erdés—Rényi networks are not a good choice to test network
property for spatially embedded networks. In such cases, we typically preserve the
link distribution of the original network when constructing random networks (Sec-
tion 3.5.4, Chapter 4) [130, 148]. In Chapter 6, the choice between suitable testing
hypothesis is guided by the presence of hubs or the approximate scale free property
of the degree distribution. However, the assumptions of what property the network
does not have is often unclear. As an example, the testing hypotheses of the existing
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correction procedure for boundary errors is not suitable for network measures such
as edge anisotropy [337] which would probably require some assumption about the
angular distribution of the edges.

Apart from the aforementioned unresolved issues regarding the technical aspects
of network construction from climate (in general, spatio-temporal) data, there are
several possible future scopes of the work presented in this thesis. Some of the open
questions are outlined as follows:

— The application of vorticity networks based on Biot-Savart law in Chapter 4 may
be applied to study other cases of interaction between vortices in climate, such
as comparison between different types of Fujiwhara interactions and interaction
of a cyclone with large-scale low-level cyclonic vortices. Also, network-based
indicators can be combined with physics-inspired machine learning algorithms
to improve the prediction of cyclone tracks. Furthermore, as Biot-Savart law is
used strictly for incompressible turbulence, its application to merger of cyclones
may not be completely accurate. Therefore, one open question that remains is
how compressibility may be taken into account while constructing the networks
for studying binary cyclone interactions.

— In Chapter 5, the extreme rainfall network approach may be extended to un-
derstand the relationship of the Indian Summer Monsoon with the Baiu season
over Japan, and the western north Pacific monsoon system. Furthermore, the
analysis of the spatial co-variability of the convection anomalies to investigate
the impact of the ENSO on the ASM may be extended to other monsoon sys-
tems. It is also interesting to look at the co-variability patterns in the previous
spring and winter months to distinguish between the effects of the continuing
and emerging phases of ENSO. A truly multivariate coupled network analysis of
the OLR and wind components can be performed [345]. It is also interesting to
investigate the combined impact of the phases of the intraseasonal oscillations
(Madden-Julian Oscillation or the boreal summer intraseasonal oscillation) and
the ENSO on the spatial coherence patterns of the convective processes related
to the ASM. Finally, construction of novel prediction schemes to forecast the
monsoon using the functional network topology can be outlined as a highly
relevant future research direction.

— In Chapter 6, it may be of interest to analyse error network properties of the
whole globe. Also, as already discussed in Section 6.6, network measures other
than degree should be explored to provide meaningful interpretation of the error
properties. Furthermore, multivariate correlations such those of geopotential
height and wind, and variation of vertical correlations (i.e., spatial correlation
at different heights) can also be studied under the framework of network of
networks [147].

— Lastly, as climate time series exhibit multiscale dynamics, it is quite challenging
to design prediction schemes that can truly predict this character. The limited
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7. Conclusion

availability of high resolution data also poses a serious challenge. Advanced
machine learning-based methods that can learn the dynamics from limited data
must be developed to predict the multiscale dynamics.

The realms of synchronization, complex networks and climate dynamics are vast
in themselves, each having a plethora of unsolved questions, which make them highly
active areas of modern day research. The achievements of this dissertation highlight
the fact that the domain of intersection of these subjects is very promising, and more
intensive multidisciplinary research in this direction may enable us to unravel some
of the deeper mysteries of the Earth System Dynamics.
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A. Supporting Information

A.1. Tropical Cyclones: Detection and Binary Cyclone
Interaction
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FIGURE A.l.: Mean Sea Level Pressure network analysis including land points for the
land-crossing Very Severe Cyclonic Storm Vardah in Dec 2016. The result maintains the
inferences drawn from that performed after masking the land as in the main text (see Figure
4.4 in Section 4.2). Although the (a) degree and (b) mean geographic distance performs well,
the quality of results for the (c) local clustering coefficient seems to be affected by orography
of the region (high clustering near the Himalayas), justifying the reason for removing land
points from the analysis, apart from reasons related to the reduction of computational cost.
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A. Supporting Information

A.2. Asian Summer Monsoon: Spatial synchronization
patterns of Extreme Precipitation and Convection

A.2.1. Interconnection between Indian and East Asian Summer Monsoon
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FIGURE A.2.: (a) The link distance distribution for the network constructed for the entire
JJA season (Figure 5.1d in the main text). The distance of red vertical line at 2000 km
marks the regime shift from regional weather systems to large-scale teleconnections. Spatial
patterns of partial degree computed on the basis of links longer than 2000 km, for (b) ARB
and (c) CMZ, are similar to Figures 5.1e and 5.1f, respectively, in the main text. It indicates
that the two pairs of ISM-EASM connection modes, i.e., the Southern mode (ARB-SCN) and
the Northern mode (CMZ-NCN), are part of the global-scale teleconnections. (Taken from
Supporting Information of Gupta et al. [P4])
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A.2. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection
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FIGURE A.3.: Partial degree for (a) SCN, (b) NCN, and (c) southern Japan obtained from
network constructed for the JJA season (Figure 5.1d in the main text). (a) and (b) show the
partial degree for the counterpart regions over China, of the Southern and Northern modes.
SCN (NCN) has relatively more connections with ARB (CMZ). Rainfall at southern Japan,
is seen to be synchronized with SCN from (c). (Taken from Supporting Information of Gupta
et al. [P4])

Explanation based on ISM and EASM indices

We can define indices describing the northward progression of ISM (from ARB to
CMZ) and EASM (from SCN to NCN) based on the extreme rainfall event (ERE)
series of ARB, CMZ, SCN and NCN. We show using these indices this northward
propagation of EREs occur simultaneously for ISM and EASM. However, one should
note that due to the dependence of EREs on the percentile chosen, these indices
are not as general as the ones defined based on the zonal component of wind at
850 hPa (U850) component [278]. Also, the traditional indices defined using U850
can have daily values and in real-time, which is not the case with the potential one
defined using EREs as the event series can have zeros in their daily values. We
describe below the method for calculating the index using EREs and discuss their
intra-seasonal variations.
The calculation process for the indices is as follows:

1. Averaging EFRFEs over ARB, CMZ, SCN and NCN regions. For each box, we
compute the daily average number of EREs during JJA. The rest of seasons are
all set to zero, leading to four event series each of length 8034 for these four
regions.

2. Compute the daily ERFEs climatology over ARB, CMZ, SCN and NCN regions.
We then compute the mean of EREs for the same day over all the years. This
process converts the four event series from a length of 8034 to 366.

3. The indices for ISM and FASM are then defined for the JJA season as:

Index(ISM) = CMZ
1{%1]\3] (A1)
IndeX(EASM) = S(j—N — 1
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A. Supporting Information

We compute indices for both ISM and EASM, based on different percentiles of EREs,
shown below in Figure A.4a-b to verify the robustness. It is clear from the negative
values of the indices that in June that both ARB and SCN have relatively more EREs,
which potentially indicate a possibility of synchronization between them. Starting
from July, both indices become positive around the same time, indicating that CMZ
and NCN have more EREs, and are potentially synchronized. The switch for the
positive to the negative values of the index denotes the possible northward shift of
the synchronization between ISM and EASM, i.e. from ARB-SCN to CMZ-NCN

synchronization mode.

a
107 —— ISM —— EASM

Index

b
107 — |sM —— EASM

Index

lstjune 30thIJune 31th| July 31th August

FIGURE A.4.: Indices for ISM and EASM based on EREs defined using (a) 90" percentile
and (b) 95" percentile of wet days. Both indices switch from negative to positive values
almost simultaneously indicating a possibility of synchronization. (Taken from Supporting
Information of Gupta et al. [P4])
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A.2. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection

b Northern mode

50°N 50°N =
= ‘

30°N 30°N T
A Ak PR

10°N 5./ 10°N e

10°S A b & e . lo°s S S s XA
0° 40°E 80°E 120°E 160°E 0° 40°E 80°E 120°E 160°E
e = -
-5-4-3-2-10 1 2 3 4 5 -5-4-3-2-10 1 2 3 4 5
c Rainfall (mm d—1) d Rainfall (mm d=1)

50°N : 50°N + i

10°S 5. = Y paeg .,\ . 10°S . < Wy ¢ - = .
0° 40°E 80°E 120°E 160°E 0° 40°E 80°E 120°E 160°E
0 -
-5-4-3-2-10 1 2 3 4 5 -5-4-3-2-101 2 3 4 5
Rainfall (mm d~1) f Rainfall (mm d~1)
50°N ; 50°N ;
P
o ‘ Y
30°N 30°N ¥ yu
4
10°N /P 10°N A2 b
; L5
10°S o oa ! 10°s . -+ .‘
0° 40°E 80°E 120°E 160°E 0° 40°E 80°E 120°E 160°E
- 1 1 ' ' ' [ - 1 1 ' | I g
-5-4-3-2-101 2 3 4 5 -5-4-3-2-101 2 3 4 5

Rainfall (mm d—1) Rainfall (mm d—1)

FIGURE A.5.: The composite anomalies of TRMM rainfall, with respect to JJA climatol-
ogy, for Southern ((a), (c), and (e)) and Northern ((b), (d), and (f)) modes of ISM-EASM
connection. Composites are computed for Day —2 ((a) and (b)), Day 0 ((c¢) and (d)), and
Day +2 ((e) and (f)), where Day 0 corresponds to the day of high ERE synchronization for
each ISM-EASM connection mode. Day —2 and +2 represent the days before and after the
day of high synchronization for the Northern and Southern modes of the connection between
ISM and EASM, respectively. For the Southern (Northern) connection mode, rainfall occurs
first at ARB (CMZ) and then at SCN (NCN) after some lags. (Taken from Supporting In-
formation of Gupta et al. [P4])
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FIGURE A.6.: Spatial Fourier spectra showing the dominant wavenumbers associated with
wave pattern in the composite anomalies of meridional wind component at 250 hPa shown
in Figure 5.4 of the main text for (a) Southern mode determined from the latitude belt
25°N-35°N, and (b) Northern mode for the latitude belt 40°N-50°N. (Taken from Supporting

Information of Gupta et al. [P4])
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FIGURE A.7.: Composites of vertically integrated water vapour flux (IVT) for the (a) South-
ern and (b) Northern modes, based on the days of high ERE synchronization (Day 0). From
(a), we see a high amount of water vapour transport along the Somalian LLJ to the ARB and
then towards SCN via the Bay of Bengal. This gives a clear indication of the formation of
the great moisture corridor. In case of (b), the general direction of flow is still south-westerly,
from ARB towards China, however the amount of moisture transported from BOB over to
China seems to be greatly reduced. (Taken from Supporting Information of Gupta et al. [P4])
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A.2. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection
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FIGURE A.8.: Unwrapped wavelet phase difference, ¢"(s,t), between the CMZ and the
NCN precipitation time series versus time ¢ during the JJA period, for scales s = 10, 12 and
14 days. ¢" (s, t) oscillates about zero and does not grow with time, implying that the CMZ
and NCN time series are phase synchronized at these scales.
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FIGURE A.9.: The composite anomalies of outgoing long-wave radiation, with respect to
JJA climatology, based on the inactive days of high ERE synchronization on Day 0, for
(a) Southern and (b) Northern modes of ISM-EASM connection. (Taken from Supporting
Information of Gupta et al. [P4])
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F1GURE A.10.: The composite anomalies of outgoing long-wave radiation, with respect to
JJA climatology, based on the active days of high ERE synchronization on Day 0, for (a)
Southern and (b) Northern modes of ISM-EASM connection. The negative OLR anomaly
(positive convection) over the respective interacting regions of ISM and EASM for both
modes is seen from the composites for both inactive (Figure A.9) and active (this fig-
ure) MJO/BSISO days of high ERE synchronization implies that MJO or BSISO alone are
not responsible the interconnection between the two monsoon subsystems. However, it is also
clear from the figure that the intraseasonal oscillations are an important ingredient of this
linkage between ISM and EASM. (Taken from Supporting Information of Gupta et al. [P4])
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A.2. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection

A.2.2. Impact of El Niiio-Southern Oscillation on spatial connectivity
pattern of Convection during ASM
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FIGURE A.11.: Spatial patterns of degree of OLR correlation network for the monsoon

season for different ENSO phases after correcting the boundary effects using the procedure
in Section 3.5.4.
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FIGURE A.12.: Spatial patterns of degree for functional networks of U850 constructed for
the extended region of ASM which includes the adjacent oceans for JJA season when ENSO
is (a) positive (El Nifio), (b) negative (La Nifia) and (c) neutral.
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FIGURE A.13.: Partial degree plots corresponding to the high degree regions of the U850
network during El Nifio period shown in Figure A.12a: (a) Arabian Sea, (b) Philippines and
(¢c) equatorial eastern Pacific Ocean.
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FIGURE A.14.: Partial degree plots corresponding to the high degree regions of the U850
network during La Nifia period shown in Figure A.12b: (a) Philippines and (b) equatorial
eastern Pacific Ocean.
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A.2. ASM: Spatial synchronization patterns of Extreme Precipitation and Convection

Network Degree

FIGURE A.15.: Spatial patterns of degree for functional networks of V850 constructed for
the extended region of ASM which includes the adjacent oceans for JJA season when ENSO
is (a) positive (El Nifo), (b) negative (La Nifia) and (c) neutral.
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A.3. Spatial variability of error correlations

TABLE A.1.: Values of Degree Assortativity coefficient for Forecast error networks of U850,
V850, Z850 and OLR. (Taken from Gupta et al. [P7])

Variable Degree Assortativity coefficient (r)
U850 0.509
V850 0.556
7850 0.858
OLR 0.434
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FIGURE A.16.: Partial degree associated with the regions in yellow boxes showing the
areas connected to those regions in the OLR forecast error network (Figure 6.1d). (Taken
from Gupta et al. [P7])
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A.3. Spatial variability of error correlations
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FIGURE A.17.: Comparison of spatial patterns of degree for networks of (a-b) U850, (c-d)
V850, (e-f) Z850 and (g-h) OLR using reanalysis (a,c,e,g) and forecast (b,d,f,h) data. (Taken
from Gupta et al. [P7])
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F1GURE A.18.: Difference in node degree between the reanalysis and the forecast networks
shown in Figure A.17 for (a) U850, (b) V850, (¢) Z850 and (d) OLR. (Taken from Gupta
et al. [P7])
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FIGURE A.19.: Spatial patterns of degree for functional networks of U850 forecast error
when ENSO is (a) positive (El Niflo), (b) negative (La Nifia) and (c) neutral.
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A.3. Spatial variability of error correlations
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FIGURE A.20.: Probability density function (PDF) for link distances of error networks (re-
fer to Figure 6.1a-d in Chapter 6) of (a) U850, (b) V850, (c¢) Z850 and (d) OLR. Distance
distribution of U850 and V850 error networks fit well to power law. Z850 error network
has large deviation from power law distribution. The distance distribution of Z850 network
might be related to high assortativity of the Z850 network. The OLR error network shows
a power law distribution for smaller distances but tends towards great-circle kernel density
estimate (KDE) for larger distances implying long range connectivity along great-circle dis-

tances. (Taken from Gupta et al. [P7])
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FIGURE A.21.: Mean geographic link distance of grid points averaged over all longitudes
in the considered region computed from error network of U850 (blue), V850 (orange), Z850
(green) and OLR (red). It can be used to get an estimate of the correlation length scale. As
the length here is calculated for a regional network without correcting for boundary effects,
the end latitudes show high boundary errors. Despite that one can see a clear maxima close
to the tropics for the U850, V850 and OLR networks. The measure needs to be computed
from a global network to obtain a better picture of the latitude dependence of length scale
unlike that computed from a regional network as done here. (Taken from Gupta et al. [P7])
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