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ABSTRACT

This study investigates the financial contagion effects of the COVID-19 pandemic
and Russia’s invasion of Ukraine on global stock markets. The research focuses on five
key stock market indices: [SSE| (Shanghai Stock Exchange)), MOEX]| (Moscow Exchange)),
[SX5E (Euro Stoxx 50), [SPX]| (S&P 500)), and [NIFT Y50| (National Stock Exchange Fifty]).
Utilizing the|Vector AutoregressiveMultivariate General Autoregressive Conditional Het-|
leroskedasticity] (VARHMGARCH) modelling aproach, the study analyzes the conditional
standard deviations and correlations between these indices to provide insights into their

volatility and interdependencies.

The findings reveal significant increases in volatility across all indices during the ini-
tial outbreak and global spread of the COVID-19 virus and the subsequent Russian inva-
sion of Ukraine. The study also observes distinct patterns in the correlations among the
indices, shedding light on their interdependencies and the potential for financial spillover
effects. The results underscore the interconnectedness of global financial markets and the
potential for localized economic events to have far-reaching impacts, providing crucial
insights for investors, policymakers, and financial regulators.

The study concludes by highlighting the importance of international cooperation in
managing financial contagion and the need for effective risk management strategies in the

face of global crises.

KEYWORDS: Financial Contagion; Models; Multivariate Models;
Market Shocks; Time Series Analysis.
JEL CoODES: C32; C58; GO1; G15; F30; F51.
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1 INTRODUCTION

The global financial landscape is characterized by a complex web of interconnections,
with events in one market having the potential to influence others. This phenomenon,
known as financial contagion, has been the subject of extensive research, particularly
in the wake of major global events such as the COVID-19 pandemic and geopolitical
conflicts. This study aims to contribute to this body of knowledge by examining the
financial contagion effects of these events on selected global stock market indices.

The research questions guiding this study are:

* What is the impact of the COVID-19 pandemic and Russia’s invasion of Ukraine
on the volatility of global stock market indices?

* How did these events influence the correlations between these indices?

* What evidence of financial contagion can be observed from these impacts?

The study adds to the existing body of research on financial contagion, focusing on
global events like the COVID-19 pandemic and the Russia-Ukraine conflict. Its findings
may offer a in-depth understanding that could be useful for future research and prelimi-
nary policy discussions.

This study aligns largely with existing literature on financial contagion, particularly
concerning the COVID-19 pandemic and the Russian invasion of Ukraine. Similar to
previous works like those of Ghorbel and Jeribi (2021) and Chevallier (2020), this study
finds significant spikes in volatility and correlation across key global stock indices during
these crisis events. However, the scope and methodologies differ; while some studies
incorporate additional variables such as commodity prices and exchange rates, or focus
on different sets of indices and time periods, the core finding of increased volatility and
financial interdependency remains consistent. These variations in methodology and focus
underline the complexity of financial contagion and emphasize the necessity for ongoing
research to provide a nuanced understanding.

The novelty of this study lies in its focus on recent global events and their impacts on

a specific set of stock market indices. By employing a[Vector Autoregressive| (VAR) [Mul-
tivariate General Autoregressive Conditional Heteroskedasticity| (MGARCH]) modelling
approach, this study provides a detailed analysis of the volatility and correlation dynamics

of these indices, offering new insights into the phenomenon of financial contagion.
We employ a[VARIMGARCH]| model to examine the dynamic interactions and volatil-

ity among selected global stock market indices: (China), (Russia),
(Europe), (U.S.), and (India). This model is able to capture time-varying
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volatility and correlations among multiple time series, making it ideal for studying finan-
cial contagion in the context of the COVID-19 pandemic and the Russia-Ukraine conflict.

The indices were strategically chosen to cover a broad range of economies and to
focus on the key players relevant to the global events under study. The VARIMGARCH|

model’s strength in handling multiple time series effectively, yet its limitation with too

many variables, guided our selection. This ensures a comprehensive, yet manageable,
analysis that avoids model overfitting.

Our findings revealed significant increases in market volatility during both global
crises, indicating that shocks in one market often spilled over to others. The pandemic led
to a heightened correlation among global markets, evidencing a synchronized reaction to
the crisis. In contrast, the invasion resulted in a marked decrease in the correlation be-
tween the Russian index and other global indices, highlighting how geopolitical
events can isolate specific markets.

Our analysis offers important insights for policymakers, financial regulators, and in-
vestors. It underlines the intricate interconnectedness of global financial markets, illus-
trating how localized economic or geopolitical events can have far-reaching impacts. The
study recommends the adoption of robust risk management strategies and calls for inter-
national cooperation in stabilizing financial markets. This research lays the groundwork
for future studies aiming to explore financial contagion through various other significant
global events and variables.

The study is structured as follows: Section [2] provides a literature review, defining
financial contagion and situating this research in the context of existing scholarly work.
In Section [3] we first discuss why certain financial indices were selected for analysis. This
is followed by an overview of the events that serve as market shocks for this study. We
then describe the data sources and conclude with details on how the time series data were
transformed for analysis. In Section 4] we present an initial descriptive analysis of the
time series data, proceed to the estimation and diagnostic checking of the VAR model,
and similarly estimate and apply diagnostic checking tools to the[ MGARCH| model. This
section also includes the computation and interpretation of conditional correlations and
volatilities. Section [5] offers a comprehensive look at what these empirical results mean
and how they relate to policy implications. Finally, Section[6|encapsulates the key findings
of the study.
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2 LITERATURE REVIEW

2.1 Financial Contagion: Definition and Previous Studies

Financial contagion refers to the phenomenon where financial shocks spread across
markets and countries. This transmission of shocks can occur through various channels,
such as trade links, financial connections, and investor behavior, among others.

Forbes and Rigobon (2002) define financial contagion as a notable escalation in the
linkages between different markets in the aftermath of a shock in one or several countries.
This definition emphasizes the change in the correlation structure of financial markets
during periods of turbulence, distinguishing between interdependence and contagion.

The measurement of financial contagion has been a subject of extensive research. The
most common methodologies include the correlation coefficients approach, the extreme
value theory, the coexceedances approach, and the use of multivariate models.
Each of these methodologies has its strengths and limitations, and the choice of method
often depends on the specific research question and data availability.

The correlation coefficients approach, as discussed by Forbes and Rigobon (2002),
is straightforward and easy to implement but may fail to capture nonlinear relationships
and tail dependencies. Extreme value theory, as applied by Wu, Zhang, and Zhao (2012),
focuses on extreme events and tail dependencies but may overlook subtler forms of con-
tagion. The coexceedances approach, utilized by Vo (2014), considers the simultaneous
occurrence of extreme returns in multiple markets. Lastly, multivariate mod-
els, such as the VARHMGARCH]| model, have been extensively discussed by Andersen et

al. (2009). These models allow for the examination of how shocks to one market can

affect the volatility and correlation structure of other markets, providing a dynamic and
comprehensive view of financial contagion.

In conclusion, understanding financial contagion is crucial for policymakers and in-
vestors alike. The choice of the[VARHMGARCH]|model in this study reflects its robustness

and flexibility in capturing the complex dynamics of financial contagion, providing valu-

able insights into the interconnectedness of global financial markets in times of crisis.

10
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2.2 Comparison with Previous Studies

The results of this study, which utilized a[VARIMGARCH]|model to analyze the condi-

tional standard deviations and correlations of five stock market indices, can be compared

to previous studies that have employed similar methodologies and/or examined similar
events. This comparison allows for a comprehensive understanding of the findings within
the broader context of financial contagion research.

Several studies have analyzed the financial contagion effects of the COVID-19 pan-
demic using[VARIMGARCH|models. For instance, Ghorbel and Jeribi (2021) and Cheval-

lier (2020) found significant increases in volatility and correlation across global financial

markets during the initial outbreak and spread of the virus. However, these studies fo-
cused on a broader set of indices and included additional variables such as commodity
prices and exchange rates.

In terms of the Russian invasion of Ukraine, fewer studies have examined its financial
contagion effects due to the recency of the event. However, preliminary analyses such
as Izzeldin et al. (2023) have also found significant increases in volatility, showing the
impact of the invasion was more rapid while Covid’s was enduring.

In terms of the use of VARHMGARCH]|models to study financial contagion effects, Pan
et al. (2019) and Saleem (2008) have used this class of models to analyze the volatility and

correlation of various financial indices and found similar patterns of increased volatility
and correlation during periods of financial crisis.

However, it is important to note that these studies have often used different specifica-
tions of the VARIMGARCH]| model and different measures of volatility and correlation,

which may lead to differences in the results. Furthermore, these studies have typically fo-

cused on different markets and time periods, which can influence the dynamics of volatil-
ity and correlation.

In conclusion, the findings of this study are largely consistent with previous research
on financial contagion effects, particularly in relation to the COVID-19 pandemic and the
Russian invasion of Ukraine. However, differences in the methodologies used and the
contexts studied highlight the complexity of financial contagion and the need for further

research in this area.

11
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3 DATA DESCRIPTION AND EXPLORATORY ANALYSIS

3.1 Preliminary: Selection of Financial indices

The selection of financial indices for this analysis is a critical step, as it sets the foun-
dation for the entire study. The indices chosen for this research are the [SSE| [MOEX]|
and the Each of these indices highlights a distinct and critical
economic zone, playing an important role in the analysis of financial contagion from the

COVID-19 pandemic and Russia’s invasion of Ukraine.

[Shanghai Stock Exchange| (SSE)) serves as a measure of China’s economy and is crit-

ical for understanding the initial impact of the COVID-19 pandemic, which originated in

China. [Moscow Exchange] (MOEX)), Russia’s primary financial market indicator, is in-

dispensable for grasping the economic implications of Russia’s invasion of Ukraine and

its spillover effects on other markets. [Euro Stoxx 50| (SX5E)) index represents Europe’s

economic vitality and is particularly relevant given the economic ties between European
countries and China, Russia and Ukraine. [S&P 500 (SPX]) measures the performance of
major U.S. companies and is included to capture the substantial influence of U.S. markets
on global financial systems. Lastly, [National Stock Exchange Fifty| (NIFTY50) offers a

snapshot of India’s market performance, providing insights into how an emerging econ-

omy responds to global crises. Each index was selected for its significance to a distinct
economic region, thus allowing for a comprehensive study of financial contagion caused
by the COVID-19 pandemic and Russia’s invasion of Ukraine.

In summary, the chosen indices represent a mix of developed and emerging economies,
providing a comprehensive view of the global financial landscape. They allow us to exam-
ine the financial contagion and spillover effects of the COVID-19 pandemic and Russia’s
invasion of Ukraine across different economic contexts. This selection of indices is ex-
pected to provide a robust analysis of the global impact of these significant events.

The choice of five stock market indices for the VARIMGARCH] model is strategic
and methodologically sound for several reasons. Firstly, the[VARIMGARCH] model can

analyze multiple time series concurrently. However, an increase in variables augments

model complexity, leading to computational challenges and interpretational difficulties, so
a balance between diverse index inclusion and model manageability is vital. A selection
of five indices offers a practical compromise, ensuring comprehensive yet manageable
analysis. Secondly, the selection of five indices allows for a comprehensive examination
of the global financial contagion effects. It includes representation from major economies
across different regions and stages of development. Lastly, the use of five indices also
helps to mitigate the risk of overfitting. By limiting the number of indices, we reduce the

number of parameters that need to be estimated, thereby reducing the risk of overfitting.

12
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In conclusion, the choice of five stock market indices for the VARHIMGARCH] model

in this analysis is a methodologically sound decision that balances the need for diversity

and comprehensiveness with practical considerations of model complexity and overfitting.

3.2 Event Studies and Market Shocks

This section presents a detailed review of two significant global events that occurred in
the recent years: the COVID-19 pandemic and the Russian invasion of Ukraine. The dates
selected for these events were not arbitrary; they were chosen to encapsulate the global
impact of these events, marked by their ripple effects on the world economy, international
relations, and human welfare. Each event is laid out in the form of a timeline, helping to
visualize the sequence of the events and their magnitude, as well as providing a context
for the subsequent analysis of market shocks and reactions. Sources for the events are
documented in the references section.

These timelines are instrumental in framing our empirical analysis. They provide the
contextual breakpoints that allow us to segregate our data into distinct periods. These
will be used to segment the data in the VARIMGARCH| model, enabling the study to

analyze conditional standard deviations and correlations for each defined period. This

temporal segmentation will offer a more detailed view on how market volatility and inter-
dependencies evolved during these globally impactful events, facilitating a comprehensive
investigation into the occurrence of financial contagion.

Table outlines the timeline of the COVID-19 pandemic with 76 distinct dates.
Each date corresponds to a significant event or milestone during the course of the pan-
demic.

Based on these dates, the following periods were defined to facilitate the further anal-

ysis of conditional standard deviations and correlations in Section [5}

i, Easing of - Vaccination
Pre-Pandemic Initial Lockdown Lockdowns & Vvaccine progress and
- Outbreak & - Development -
Period Global Spread Period Market & Distribution Continued
P Recovery Response

FIGURE 1: Timeline of COVID-19 Pandemic
Source: Own elaboration

1. Pre-Pandemic Period (Yearly periods for each year from 2013 to 2019): This

period serves as a baseline to compare with the subsequent periods.

2. Initial Outbreak and Global Spread (January 1, 2020 - March 10, 2020): This
period marks the initial global spread of COVID-19.

3. Lockdown Period (March 11, 2020 - June 30, 2020): Many countries initiated

lockdowns during this period, which significantly impacted global markets.

13
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4. Easing of Lockdowns and Market Recovery (July 1, 2020 - December 31, 2020):

As countries eased lockdowns, many markets experienced a gradual recovery.

5. Vaccine Development and Initial Distribution (January 1, 2021 - June 30, 2021):
The development and distribution of COVID-19 vaccines marked a significant turn-

ing point in the pandemic.

6. Vaccination Progress and Continued Pandemic Response (July 1, 2021 - end of
data set): This period involves ongoing vaccination efforts and the world’s contin-

ued response to the pandemic.

Table [XVIII| provides a detailed timeline of the Russian invasion of Ukraine with 27
distinct dates. Each date signifies a critical moment or shift during the invasion.
The following periods were derived from these dates, for further analysis of condi-

tional standard deviations and correlations in Section 3t

Ukrainian
Counter-
offensives

Initial
Invasion
Continued

Second
Stalemate

Southeastern
Front

Pre- Initial Data
Invasion Invasion Gap

FIGURE 2: Timeline of Russia’s Invasion of Ukraine
Source: Own elaboration

1. Pre-Invasion (10 November 2021 - 23 February 2022): Escalation of tensions be-
tween Russia and Ukraine, characterized by unusual Russian troop movements near

Ukraine’s border and warnings from Western nations about a potential invasion.

2. Initial Invasion (24 February 2022 - 25 February 2022) Russian President Vladimir
Putin announced a "special military operation" in Ukraine on February 24, 2022,

marking the start of the invasion.

3. Data Gap (28 February 2022 - 23 March 2023) No data available for
during this period.

4. Initial Invasion Continued (24 March - 7 April 2022): Noteworthy events in this
period include the stand-off at Snake Island and the battle at Antonov Airport.

5. Southeastern Front (8 April - 26 August 2022): This period was defined by a

shift in the conflict to the southeastern region of Ukraine.

6. Ukrainian Counteroffensives (29 August - 11 November 2022): Ukrainian forces

launched counteroffensives against the Russian invasion.

7. Second Stalemate (12 November 2022 - end of dataset): This period represents
a phase of the conflict where neither side made significant territorial gains, and

diplomatic efforts to resolve the conflict intensified.

14
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In Section [3.3] we will look into the sources from which the data was obtained and
present an initial analysis of the respective plots for each index, offering preliminary in-
sights into the trends and patterns that will be further explored in our VARIMGARCH]|
model analysis.

3.3 Data Source and Description

Building on the selection of financial indices discussed in the previous section, we
sourced our data from Yahoo Finance. This dataset comprises daily values for the
MOEX| [SX5E, [SPX], and NIFT Y50, spanning a decade from the start of 2013 through to
the end of 2022.

The dataset begins in 2013 as this period provides a substantial window into the behav-

ior of the financial markets during a relatively stable phase, prior to the significant events
under research - the COVID-19 pandemic and Russia’s ongoing invasion of Ukraine.

The dataset concludes in December 2022, a decision made to encapsulate the im-
mediate and continuing effects of the aforementioned events. This end point facilitates
a comprehensive analysis of financial contagion and spillover effects during and in the
aftermath of these substantial geopolitical and global health crises.

The start dates for the earliest index values differ slightly among the five indices due to
variations in market operations, national holidays, and data availability. [SSE] data begins
on the 4th of January 2013, MOEX] data is available from the 6th of March 2013, [SX5E]
data starts on the 3rd of January 2013 and both [NIFTY50| and [NIFTY30)] start on the 2nd
of January 2013. All indices conclude with values on 30th of December 2022.

This dataset consists of a total of 12,321 observations, providing a robust base for the
[VARHMGARCH)|model and the subsequent analysis of standard deviation and conditional

correlation. Let’s take a closer look at the evolution of each index.

SSE MOEX

5,200 4,400

o o ,//\

3,600 00 "l [

- TSV T il s s h,
b ek

2,400 A 2,000
2,000 1,600

1,600 1,200 W""W

13 14 15 16 17 18 19 20 21 22 13 14 15 16 17 18 19 20 21 22

FIGURE 3: Time Series Plot of Daily Index Values for [SSE, MOEX., [SX5E, |SPX| and

NIFTYS0)

Source: Data retrieved from Yahoo Finance; figure generated using EViews 13
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SX5E SPX

4,800 5,000

4,400 4,500 /J"

4,000 4,000 \W
3,500

3,600
3,000
3,200
2,500
2,800 2,000
13 14 15 16 17 18 19 20 21 22

2,400 1,500

2,000 1,000

13 14 15 16 17 18 19 20 21 22
NIFTYS0
20,000
18,000
16,000 Nmfw
14,000
12,000
10,000 /’W
8,000 ﬂ
6,000 py;
13 14 15

4,000
6 17 18 19 20 21 22

FIGURE 3: (Continued) Time Series Plot of Daily Index Values for [SSE, [MOEX|, [SX5E,
[SPX] and NIFTY50

Source: Data retrieved from Yahoo Finance; figure generated using EViews 13

Delving into the evolution of each index:

1. [Shanghai Stock Exchange| (SSE): The [SSE|index was relatively flat from 2013 to
2014, followed by a dramatic surge and crash in 2015. The index was relatively
stable from 2016 to 2019, followed by a drop in early 2020 due to the COVID-19
pandemic. The index rebounded quickly and showed an upward trend in 2021. The

index faced increased volatility in 2022 due to geopolitical tensions and domestic

economic factors.

2. [Moscow Exchange] (MOEX)): The  MOEX]| index experienced a significant drop in

2014 due to the Ukraine crisis and international sanctions against Russia. It recov-

ered and grew steadily from 2015 to 2020. The index was relatively resilient to the
COVID-19 pandemic, but it faced a severe drop in 2022 due to Russia’s invasion of

Ukraine and subsequent international sanctions.

3. [Euro Stoxx 50| (SX3E)): The index showed a steady upward trend from 2013 to 2015,
followed by a period of volatility due to the Greek debt crisis. It recovered and
continued to rise until 2020, when it fell sharply due to the COVID-19 pandemic.
The index rebounded in late 2020 and early 2021 but faced volatility again in 2022

due to Russia’s invasion of Ukraine.

16
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4. [S&P 500] (SPX])): The index showed a strong and steady upward trend from
2013 to 2020, reflecting the robust growth of the US economy. The index experi-
enced a sharp drop in early 2020 due to the COVID-19 pandemic but rebounded

quickly and reached new highs in 2021. The index faced increased volatility in

2022 due to inflation concerns and geopolitical tensions.

5. [National Stock Exchange Fifty| (NIFTY50): The index showed a strong

upward trend from 2013 to 2020, with some volatility due to domestic economic

factors and global events. The index dropped sharply in early 2020 due to the
COVID-19 pandemic but rebounded quickly and continued its upward trend.

In conclusion, the selection of the five stock market indices - [SSE, MOEX]| [SX5E]
[SPX] and [NIFTY50)] - provides a comprehensive and diverse representation of the global
financial landscape. The data spans from 2013 to 2022, providing a substantial dataset for
our VARHMGARCH] model. The preliminary analysis of the evolution of these indices

offers valuable insights into their behavior and responses to significant global events. As

we move forward to Section[3.4] we will delve into the necessary adjustments made to this

time series data to facilitate a more detailed and quantitative study of its characteristics.

3.4 Time Series Transformation

Before proceeding, two significant challenges had be addressed for the empirical anal-
ysis of the data: the presence of gaps, and non-stationarity.

The existence of gaps in the time series data can be attributed to a variety of factors,
including non-trading days due to weekends and holidays, missing data due to technical
glitches or errors in data collection, and periods of market closure due to extraordinary
events. In the context of this study, the index, for instance, has a period between
February 25th and March 25th, 2022, with no prices, likely due to the geopolitical events
surrounding Russia’s invasion of Ukraine.

The selected technique to solve this issue was the Cubic Spline interpolation, which
is particularly apt for this analysis due to its capacity to encapsulate the inherent volatil-
ity dynamics in financial time series data (de Boor, 2001). Consequently, multiplicative
interpolation was enabled to account for the proportional nature of these changes.

However, the application of Cubic Spline interpolation to the index resulted
in an unexpected spike, with a significant deviation from the values recorded on February
25th and March 25th. This anomaly can be attributed to the characteristics of the Cubic
Spline method, which, while attempting to fit a smooth curve through the data points, can

overshoot actual values when confronted with large data gaps (de Boor, 2001).
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Given this issue, an additional approach was considered for this period: Linear Inter-
polation. Although this method resolved the problem of the spike, it distorted the volatil-
ity dynamics for the period in question. It is important to underscore that any method
employed to handle missing data invariably involves some degree of assumption and un-
certainty so, the choice of interpolation method must balance the need for data continuity
with the preservation of the inherent characteristics of the financial time series.

The second challenge we faced was the non-stationarity often present in financial time
series data. To address this issue and to align with common empirical practices that use
log-returns instead of prices, two steps were taken: differencing and logging.

Once the transformations were applied, the next step was to verify the stationarity
of the series. This was accomplished using the [Augmented Dickey-Fuller] (ADF) test, a
statistical test widely used to test the null hypothesis that a unit root is present in the data.
The results of the[ADF tests for each series are presented in table

The results provide strong statistical evidence that all the series are stationary. The

confirmation of stationarity validates the suitability of the dataset to implement the VAR}
MGARCH| methodology, which requires the series to be stationary.

TABLE I: |Augmented Dickey-Fuller| (ADF) Test Results for Unit Root in Daily Log Re-
turns of Selected Market indices

Null Hypothesis: DSXSE has a unit root
Exogenous: Constant
Lag Length: O (Automatic - based on SIC, maxlag=27)

t-Statistic Prob.*

Augmented Dickey-Fuller test statistic —51.00233 0.0001
Test critical values: 1% level —3.432667

5% level —2.862450

10% level —2.567299

Source: Own elaboration with output from EViews
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TABLE I: (Continued) |[Augmented Dickey-Fuller] (ADF) Test Results for Unit Root in
Daily Log Returns of Selected Market indices

Null Hypothesis: DSSE has a unit root
Exogenous: Constant
Lag Length: 0 (Automatic - based on SIC, maxlag=27)

t-Statistic Prob.

Augmented Dickey-Fuller test statistic =~ —46.97656  0.0001

Test critical values: 1% level —3.432668
5% level —2.862450
10% level —2.567299

Null Hypothesis: DMOEX has a unit root
Exogenous: Constant
Lag Length: 2 (Automatic - based on SIC, maxlag=26)

t-Statistic Prob.*

Augmented Dickey-Fuller test statistic —27.75017 0.0000
Test critical values: 1% level —3.432712

5% level —2.862469

10% level —2.567310

Null Hypothesis: DSPX has a unit root
Exogenous: Constant
Lag Length: 8 (Automatic - based on SIC, maxlag=27)

t-Statistic Prob.*

Augmented Dickey-Fuller test statistic ~ —15.92696  0.0000

Test critical values: 1% level —3.432674
5% level —2.862453
10% level —2.567301

Null Hypothesis: DNIFTY has a unit root
Exogenous: Constant
Lag Length: 6 (Automatic - based on SIC, maxlag=27)

t-Statistic Prob.*

Augmented Dickey-Fuller test statistic —19.01541 0.0000
Test critical values: 1% level —3.432672

5% level —2.862452

10% level —2.567300

Source: Own elaboration with output from EViews
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4 EMPIRICAL ANALYSIS

4.1 Descriptive Analysis of the Time Series

The visual representation of the log returns for[SSE|,[MOEX] [SX5E][SPX] and[NIFT Y50

are depicted in Figure 4] A striking resemblance can be observed across these figures,

which may indicate an inherent interconnection among these markets. Each series, in gen-
eral, exhibits the characteristic volatility clustering effect, where periods of high volatility

tend to cluster together, often followed by periods of tranquility, and vice versa.

DSSE DMOEX

L e L e e e e Ly e sy T T T T T T T T T
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

DSX5E DSPX
10 .10
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10 -104
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2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

DNIFTY50

T T T T T T T T T
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

FIGURE 4: Time Series Plot of Daily Log Returns for [SSE|, [MOEX| [SX5E, |SPX| and
] 0

Source: Own elaboration with output from EViews
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The MOEX] [SX5E] [SPX] and [NTFTY30] returns display a similar pattern with a no-
ticeable increase in volatility during certain periods, while the [SSE| returns demonstrate

pronounced volatility, with a significant number of observations diverging from average.

In addition to observing daily fluctuations, analyzing the annualized returns is crucial
for understanding the long-term performance trends of these indices. Annualized returns,
calculated from the daily log returns, provide insight into the compounded effect of the
markets’ movements over each calendar year. These values are presented in Table [[I|and

they allow for a comparison against the visual volatility depicted in Figure ]

TABLE II: Annualized Returns Estimates for |SSEL |MOEXL |SX5EL |SPX| and |NIFTY50|

Annualized Returns
Year SSE MOEX SXSE SPX NIFTY50
2013  -0.06939  0.01152  0.14195 0.25593 0.05041
2014 0.50648 -0.09552  0.00587  0.10977 0.30157
2015 0.09075 0.27380  0.03578 -0.00702  -0.03924
2016 -0.11908  0.26938  0.01849  0.09192 0.02908
2017 0.06350 -0.05343  0.06281  0.18770 0.27653
2018 -0.23800 0.11842 -0.14360 -0.06029 0.03041
2019  0.21371  0.27475 0.24398  0.27756 0.11584
2020  0.13304 0.08303 -0.04320  0.15592 0.14294
2021  0.04631 0.15034 0.20112  0.25855 0.23198
2022 -0.14696 -0.42698 -0.11841 -0.18905 0.04193

Source: Own elaboration

The annualized returns offer a comprehensive view of the indices’ extended perfor-
mance, revealing their responses to economic and geopolitical disturbances. For instance,
the SSE index’s notable upswing in 2014 can be partially attributed to the market bub-
ble during that period, reflecting investor optimism and market overvaluation that later
corrected in 2015.

In Europe, the SXSE index’s performance reflects the region’s sensitivity to political
and economic crises. The volatility during the Greek debt crisis and subsequent events
such as Brexit showcases the sensitivity of European markets to regional instability.

Alternatively, the SPX and NIFTYS50 indices show resilience, indicating a shield
against such crises, possibly due to diversified economic structures and responsive mone-
tary policies.

The mixed responses across the indices highlight the complexity of global financial
ecosystems. These insights validate the necessity for risk assessment strategies that can

withstand the complex nature of market dynamics.
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The next step is to examine the empirical distribution of the returns.
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FIGURE 5: Histograms and Descriptive Statistics of Daily Log Returns for MOEX]|

SPX]and [NIFTY50]
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Series: DNIFTY50
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FIGURE 5: (Continued) Histograms and Descriptive Statistics of Daily Log Returns for

[SSE}, MOEX] [SX5E| [SPX] and NIFTY50)

Source: Own elaboration with output from EViews

The histograms and summary statistics of each market index are depicted in Figure [3]
and provide valuable insights into their respective distributions.

As expected, these statistics indicate the presence of stylized facts of financial time
series, such as skewness and asymmetry, high kurtosis (heavy tails), and volatility clus-
tering. The heavy tails observed in the distribution of returns for all five indices suggest
the presence of extreme events or outliers, which are often associated with financial crises
or major market events. This evidence of fat tails suggests that a Student’s t-distribution

may provide a better fit for these return series than a normal distribution.

The continuation of the analysis involves the application of [Quantitle-Quantile] (QQ)

plots, which are a powerful tool for visually inspecting the similarity of the distribution
of a dataset to a theoretical distribution. In this case, the plots are used to compare
the distribution of the log returns of each market index to both a normal distribution and
a Student’s t-distribution.

Figure [6] displays the plots for the [SSE| [MOEX] [SX5E, [SPX| and [NIFTY30] in-

dices, respectively. Each line contains two plots: one comparing the distribution of log

returns to a normal distribution, and the other to a Student’s t-distribution.
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FIGURE 6: (Continued) |Quantitle-Quantile] Plots of Daily Log Returns for Selected Mar-
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Upon inspection, it is evident that the Student’s t-distribution provides a better fit for
the data across all indices. This is consistent with our earlier observations of heavy tails
in the distribution of returns, a characteristic that is better captured by the t-distribution
than the normal distribution.

This finding underscores the importance of selecting the appropriate distribution when
modeling financial time series data. The normal distribution, while mathematically con-
venient, often fails to capture the extreme events that are a common feature of financial
markets. The Student’s t-distribution, with its ability to model heavier tails, provides a
more accurate representation of these events, leading to more robust risk management

strategies.
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Having established the descriptive characteristics of these series, the subsequent sec-
tions will focus on the application of the model to these indices. The residuals
from the model will then be used to estimate a model, allowing us to
obtain the conditional standard deviations and correlations. This approach will provide a

comprehensive understanding of the dynamics and interdependencies of these markets.

4.2  Estimation and Diagnostic Checking of VAR Model

In the preceding sections, we analyzed the log-returns of the five selected stock market
indices - [SSE, MOEX] [SX3E], [SPX] and [NIFTY50, These indices exhibited a common
pattern, indicative of the interconnected nature of these financial markets. To account for

this interdependence, we employed the VAR methodology. The vector of time series y; in
this study is composed of the log-returns of these five stock market indices.

The VAR model for y; can be succinctly described by the following equation:

-
y=c+ A+ Ao+ F Ayt e, & ~ (0,%) (D

For a more comprehensive understanding of the methodology, readers are re-
ferred to Tsay’s Analysis of Financial Time Series (2010) and Liitkepohl’s New Introduc-
tion to Multiple Time Series Analysis (2005).

The use of a|VAR| model on these five return series required two significant choices:
the selection of the order p, indicative of the number of lags, and the validation of the
[VAR|model’s stability condition.

The selection of the lag order was guided by the minimization of multiple information

criteria. Table[[TIdisplays the values of different information criteria corresponding to the

lag order.
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VAR Lag Order Selection Criteria

Endogenous variables: DMOEX DNIFTY50 DSPX DSSE DSXSE
Exogenous variables: C
Sample: 1/01/2013 12/30/2022
Included observations: 2554

Lag AIC SC HQ
0 -3091794 -30.90650 -30.91379
1 -31.12036  -31.05170* -31.09546
2 -31.14992  -31.02404  -31.10427*
3 -31.15850 -30.97541 -31.09210
4 -31.16552  -30.92520 -31.07837
5 -31.17026  -30.87272  -31.06235
6 -31.19398  -30.83922  -31.06532
7 -31.19528  -30.78331  -31.04588
8 -31.20013* -30.73094  -31.02998

* indicates lag order selected by the criterion
AIC: Akaike information criterion

SC: Schwarz information criterion

HQ: Hannan-Quinn information criterion

TABLE III: [VAR| Lag

Order Selection Criteria

Source: Own elaboration
with output from EViews

Upon examination of the information criteria, we opted for a VAR model with two

lags. This decision was informed by the [Hannan-Quinn Information Criterion| (HQ),

which recommended 2 lags. The choice of two lags also provides a middle ground, strik-

ing a balance between the [Akaike Information Criterion| (AIC) that suggested a higher
number of lags (8 lags) and the [Schwarz Information Criterion| (SC) that recommended a

lower number (1 lag). This approach ensures a compromise between model complexity,

as indicated by and parsimony, as suggested by [SC|
Next, we verified the stability condition of the model. This process involved the

verification of whether the roots of the [VAR|(2) characteristic polynomial equation were

located within the unit circle. Our computations confirmed that no root lies outside the

unit circle, thus satisfying the stability condition of the VAR] model. The results of this
test are presented in the table[TV]and figure
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Roots of Characteristic Polynomial
Endogenous variables: DMOEX DNIFTYS50 DSPX DSSE DSXS5E

Exogenous variables: C
Lag specification: 1 2

Root Modulus
-0.163423 0.366089
-0.163423 0.366089
0.036145 0.303140
0.036145 0.303140
-0.264947 0.264946
0.207389 0.238425
0.207389 0.238425
0.010612 0.230481
0.010612 0.230481
-0.035595 0.035594

TABLE IV: Roots of the Characteristic

Polynomial of the Model

Inverse Roots of AR Characteristic Polynomial

1.5
1.0
0.5
0.0
-0.5
-1.0

-1.5
-15 -1.0 -05 00 05 1.0 15

FIGURE 7: Inverse Roots of the [AR]
Characteristic Polynomial

Source: Own elaboration with output from EViews

As for the detection of autocorrelation in the residuals, we employed the Portmanteau

(Q) test, which is a common choice in the[VAR]analysis. The Portmanteau test is a general

test for the null hypothesis of no autocorrelation up to a certain number of lags. Given
that our[VAR| model is of order 2, we conducted the Portmanteau test up to 4 lags, which
is twice the order of the model. This is a standard practice in time series analysis to

ensure that the autocorrelation at the order and at possible seasonal lags is adequately

captured.

The results of the Portmanteau test, presented in Table [V} indicate the presence of
autocorrelation in the residuals of the model.
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VAR Residual Portmanteau Tests for Autocorrelations
Null Hypothesis: No residual autocorrelations up to lag h

Sample: 1/01/2013 12/30/2022 TaBLE V:[VAR|Residual

Included observations: 2560 Portmar‘lteau Q-Statistics
for Testing
Autocorrelations

Lags Q-Stat  Prob.* AdjQ-Stat Prob.* df
1 1.120052 1.120490 —
2 4.893815 4.897203 —
3 7234928 0.0000 72.43181  0.0000 25
4 130.0150 0.0000 130.1878  0.0000 50

Source: Own elaboration
with output from EViews

*Test is valid only for lags larger than the VAR lag order.
df is degrees of freedom for (approximate) chi-square distribution

Various strategies were employed to tackle the persistent issue of autocorrelation in the
VAR model. While multiple methods were attempted, the problem remained, suggesting
that it might be a structural feature of the data rather than a result of model specification.

Model validation involved several robustness checks to ensure the adequacy of the
chosen VAR model, crucial for the subsequent GARCH model estimation. Initially, we
varied the lag structures based on AIC, SC, and HQ criteria, testing lags of 1, 2, and 8.
Despite these adjustments, autocorrelation issues persisted. This is aligned with observa-
tions from Bauwens et al. (1997), confirming that changing the lag structure alone isn’t
sufficient. We also introduced dummy variables for significant events like the COVID-19
pandemic and Russia’s invasion, but they did not prove statistically significant. Incorpo-
rating structural breaks, a method endorsed by Yue Liu et al. (2020), was also ineffective.
A version of the VAR model that excluded SSE data until the pandemic’s onset eliminated
autocorrelation, but notably, autocorrelation remained in any model that included data af-
ter 2020, regardless of the inclusion of SSE. This suggests that the influence of significant
events such as the pandemic and invasion also contribute to the problem.

While the persistent autocorrelation issue in the VAR model is still not fully resolved,
it doesn’t undermine its usefulness for the subsequent GARCH model estimation. This
unresolved issue highlights the complexity of financial market modeling but does not
compromise the insights gained from our analysis. Importantly, the persistence of au-
tocorrelation after 2020 indicates that market events have a lasting impact on the data,
adding another layer of complexity.

In conclusion, despite the presence of autocorrelation in the residuals, the [VAR|2)
model was found to be stable and suitable for further analysis. The complete output of
the VAR|2) estimation is available in the Annexes section.
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Having established the[VAR|/model, we will now use its residuals to estimate ] GARCH]
model in Section .3] This will allow us to examine the conditional volatility and corre-
lation of the selected stock market indices, thereby providing insights into the occurrence

of financial spillover.

4.3  Estimation and Diagnostic Checking of|GARCH|Model

To assess the financial contagion effects of the COVID-19 pandemic and Russia’s in-
vasion of Ukraine on global stock markets, this study employs a[VARIMGARCH]| model.
The VARIMGARCH]|model is advantageous in that it captures both the interdependencies
between multiple time series and their conditional volatilities.

In the VARHMGARCH] y; represents the vector of the five stock market indices of
interest: [SSE], MOEX] [SX3E] [SPX] and [NIFTY50, For the component, the

conditional covariance matrix of ¥, is denoted as >3;, and can be represented as:

Y= fle—1, €9, -, €t—g; 0) )

For a deeper insight into the[MGARCH|model framework utilized in the current study,
it is recommended to consult foundational texts in the field of time series analysis, specif-
ically Tsay’s Analysis of Financial Time Series (2010) and Liitkepohl’s New Introduction
to Multiple Time Series Analysis (2005).

In the process of model selection, we considered four different models.
The choice of the best-fitting model was based on information criteria coefficients, sum-

marized in Table The four models are as follows:
* MGARCH(1,1) with Diagonal

* MGARCH(1,1) with Diagonal VECH|and [TARCH(1)

* MGARCH(1,1) with Diagonal

* MGARCH(1,1) with Diagonal BEKK]|and [TARCH(1)
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TABLE VI: Information Criteria for Selecting the Optimal MGARCH|Model

System: MGARCH(1,1) with Diagonal VECH
Estimation Method: ARCH Maximum Likelihood (BFGS / Marquardt steps)
Covariance specification: Diagonal VECH

Log likelihood 42651.48 Schwarz criterion -33.1804
Avg. log likelihood ~ 3.33214  Hannan-Quinn criter. -33.2474
Akaike info criterion -33.2855

System: MGARCH(1,1) with Diagonal
Estimation Method: ARCH Maximum Likelihood (BFGS / Marquardt steps)
Covariance specification: Diagonal BEKK

Log likelihood 42499.78 Schwarz criterion -33.1232
Avg. log likelihood ~ 3.32029  Hannan-Quinn criter. -33.1611
Akaike info criterion -33.1826

System: MGARCH(1,1) with Diagonal VECH|and TARCH(1)
Estimation Method: ARCH Maximum Likelihood (BFGS / Marquardt steps)
Covariance specification: Diagonal VECH

Log likelihood 42258.75 Schwarz criterion -32.8276
Avg. log likelihood ~ 3.30146  Hannan-Quinn criter. -32.9164
Akaike info criterion -32.9669

System: MGARCH(1,1) with Diagonal BEKK|and TARCH(1)
Estimation Method: ARCH Maximum Likelihood (BFGS / Marquardt steps)
Covariance specification: Diagonal BEKK

Log likelihood 42666.17 Schwarz criterion -33.2379
Avg. log likelihood  3.33329  Hannan-Quinn criter. -33.2830
Akaike info criterion -33.3087

Source: Own elaboration with output from EViews

Among the four models, theMGARCH(1,1)[TARCH( 1) Diagonal BEKK|model emerged

as the most suitable, as it minimized most of the information criteria. The detailed speci-

fication of this model can be found in the Annexes section.

Following the model estimation, a diagnostic check was performed on the standard-
ized residuals of the model to ensure its adequacy for further econometric analysis. The
diagnostic check involved employing the Portmanteau test, coupled with Cholesky or-
thogonalization, to ascertain the existence or non-existence of residual effects.

The results of the Portmanteau test are presented in Table
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System Residual Portmanteau Tests for Autocorrelations

Null Hypothesis: no residual autocorrelations up to lag h

Orthogonalization: Cholesky (Lutkepohl)

Sample: 3/11/2013 12/30/2022

Included observations: 2560 TABLE VII: MGARCH]

System Residual

Lags Q-Stat Prob.  Adj Q-Stat  Prob. df
Portmanteau Tests for
71.71460 0.0000 71.74262  0.0000 25 Autocorrelations
122.21296  0.0000 122.28046 0.0000 50
151.24979  0.0000 151.35136  0.0000 75 Source: Own elaboration with
186.62647  0.0000 186.78340  0.0000 100 output from EViews

225.81412 0.0001  226.05623  0.0001 150
255.46088 0.0001 255.78428 0.0001 175
284.51956 0.0001  284.93405 0.0001 200
9 306.71984 0.0002 307.21265 0.0002 225
10 328.99507 0.0006 329.57524  0.0005 250
11 363.38306 0.0003 364.11162  0.0003 275
12 384.14222 0.0007 384.96855 0.0007 300

1
2
3
4
5 204.19231 0.0000 204.38363  0.0000 125
6
7
8

*The test is valid only for lags larger than the System lag order.
df is degrees of freedom for (approximate) chi-square distribution

As expected, the Portmanteau test indicated the presence of autocorrelation in the
residuals. This was anticipated given the autocorrelation observed in the [VAR|(2) model
that was used to estimate the model. The presence of autocorrelation in the
residuals implies that there is some predictable pattern in the volatility that is not captured
by the model. However, this does not necessarily invalidate the model, especially since
we are primarily interested in the conditional standard deviation and correlation, which
are based on historical data.

Despite the presence of autocorrelation, we decided to proceed with theMGARCH(1,1)
[TARCH( 1) Diagonal BEKK]|model as this model minimized most of the information cri-
teria, suggesting a good fit to the data, and because the model’s assumptions align well
with the characteristics of our data.

In the next section, we will compute the standard deviations and correlations based
on this model and present them in graphical form. These graphs will provide
a visual representation of the volatility dynamics and correlation structure in the data,

which are key aspects of financial contagion.

4.4  Computation and Interpretation of Conditional Correlations and Volatilities

The introductory analysis of conditional correlations and volatilities of the five market
indices: [SSE, IMOEX], [SX5E, [SPX] and[NIFT Y50, is the focus of this section. These met-
rics, derived from the VARHMGARCH] model, offer insights into the financial spillover
effects of the COVID-19 pandemic and Russia’s invasion of Ukraine on these markets.
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The conditional standard deviations, indicative of market risk, reveal considerable

fluctuations throughout the period under study. Figure [8 a graphical representation of

these standard deviations, provides a more detailed view of these fluctuations.

Std( DSSE)
.04

.03

.02

.01

.00
13 14 15 16 17 18 19 20 21 22

Std( DSXSE)
.04

.03

.02

.01

.00
13 14 15 16 17 18 19 20 21 22

Std( DNIFTY50)
.05

.04
.03
.02
.01

.00
13 14 15 16 17 18 19 20 21 22

.02
.01

.00

Std( DMOEX)

.04

.02

.00

13 14 15 16 17 18 19 20 21 22
Std( DSPX)

13 14 15 16 17 18 19 20 21 22

FIGURE 8: Conditional Standard Deviation Estimates from the VARIMGARCH| Model

for the Daily Log Returns of [SSE| MOEX|, [SX5E] [SPX] and NIFTY50

Source: Own elaboration with output from EViews

The conditional correlations observed among the five stock market indices unveil dis-

tinct patterns that shed light on their interdependencies. These correlations, which serve as

indicators of the relationship and simultaneous movements between the indices, demon-

strate notable variances throughout the analyzed period. To provide a comprehensive per-

spective on these fluctuations, Figure ] graphically presents the conditional correlations,

enabling a detailed examination of the observed patterns.
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Daily Log Returns of [SSE, [MOEX] [SX5E] [SPX] and [NIFT Y50

Source: Own elaboration with output from EViews
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In 2020 a significant surge in the standard deviations for all the indices is evident.
This surge is a reflection of the escalated market uncertainty and risk during this period.
In February 2022, the commencement of Russia’s invasion of Ukraine is also marked
by a significant increase in volatility, with the Russian index, experiencing a
particularly large spike. These increases in standard deviations underscore the heightened
market risk during these periods of geopolitical and health crises.

In addition to these events, the graph reveals other periods of increased volatility.
Notably, the[SX5E]index shows a period of heightened volatility around 2015-2016. Sim-
ilarly, the [SSE]index also experiences a significant increase in volatility during the same
period. These spikes, although not directly related to the events under study, highlight the
sensitivity of markets to global events and their potential for financial spillover effects.

The subsequent analysis focuses on the examination of conditional correlation, aiming
to identify periods characterized by noticeable changes in correlation. Around 2016-2017,
a correlation between the index and other indices becomes apparent. This correlation
may be attributed to the stabilization of the Chinese economy following the burst of the
Chinese stock market bubble. As the Chinese economy regained stability, it potentially
influenced the movements of the index, leading to a higher correlation with other
indices during this period.

Interestingly, in 2020, despite a significant surge in standard deviations across all in-
dices, there are no notable spikes in correlations graphically. This observation suggests
that despite the widespread impact of the global crisis during that year, the correlation
patterns may have remained relatively similar to the pre-crisis period. In fact, there seems
to be a decline in correlations in 2020, indicating a potential decrease in the synchronicity
of movements between the stock market indices during this turbulent period.

In 2022, there is a discernible decrease in the correlation of MOEX] the Russian index,
with other markets, indicating reduced correlation between and the other indices
during this period. This decline in correlation can be attributed to the commencement of
Russia’s invasion of Ukraine, which likely created distinct circumstances impacting the
Russian market and causing it to deviate from general market trends.

The correlation patterns and dynamics provide initial evidence of potential financial
spillover effects during periods of crisis. These insights underscore the importance of
considering not only the individual movements of stock market indices but also their
interdependencies and correlations when assessing market dynamics and risk exposure.

These observations, while preliminary, provide a foundation for the more in-depth

analysis to be conducted in Section [5
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5 DISCUSSION AND INTERPRETATION

5.1 Interpretation of Results

This section employs the same [VARHMGARCH]| model as before to analyze the se-
lected stock indices’ volatility and interdependencies. It starts by evaluating the condi-
tional standard deviations for each index. Table [VIII] and Figure [I0| offer a detailed look

at the average standard deviations during significant global events to provide more com-

prehensive insights into market behaviors.

TABLE VIII: Conditional Standard Deviation Estimates from the VARIMGARCH|Model
for the Daily Log Returns of Selected Market indices

Average Conditional Standard Deviation
Period SSE MOEX  SXSE SPX NIFTYS0
11/03/2013 - 31/12/2013  0.01068 0.01015 0.00939  0.00749 0.01039
01/01/2014 - 31/12/2014  0.00861 0.01248 0.00982  0.00757 0.01006
01/01/2015 - 31/12/2015  0.02071 0.01139 0.01262  0.00954 0.00967
01/01/2016 - 30/12/2016  0.01254 0.00966 0.01285 0.00828 0.00894
02/01/2017 - 29/12/2017  0.00686  0.00909 0.00751  0.00569 0.00702
01/01/2018 - 31/12/2018  0.01101 0.01014 0.00914  0.00990 0.00815
01/01/2019 - 31/12/2019  0.01029  0.00850  0.00885  0.00829 0.00829
01/01/2020 - 10/03/2020  0.01054 0.00967 0.01078 0.01107 0.00876
11/03/2020 - 30/06/2020  0.01150 0.01897 0.02688 0.02588 0.02421
01/07/2020 - 31/12/2020  0.01152  0.00994 0.01176  0.00986 0.00908
01/01/2021 - 30/06/2021  0.00963  0.00931 0.00865 0.00817 0.00999
01/07/2021 - 09/11/2021  0.00925 0.00885 0.00956 0.00727 0.00699
10/11/2021 - 23/02/2022  0.00811 0.01695 0.01134 0.01047 0.00991
24/02/2022 - 25/02/2022  0.00884 0.07365 0.01348 0.01557 0.01208
28/02/2022 - 23/03/2022  0.01128 0.02034  0.01456 0.01289
24/03/2022 - 07/04/2022  0.01324 0.03686 0.01671 0.01110 0.01002
08/04/2022 - 26/08/2022  0.01198 0.01927 0.01305 0.01511 0.00903
29/08/2022 - 11/11/2022  0.00956 0.02004 0.01130 0.01620 0.00849
12/11/2022 - 30/12/2022  0.01001 0.01166  0.00888 0.01270 0.00758
Period Average 0.01132 0.01165 0.01087 0.00944 0.00916
2013 - 2019 0.01172  0.01020 0.01006 0.00812 0.00854
01/01/2020 - 09/11/2021  0.01047 0.01102 0.01290 0.01168 0.01138
10/11/2021 - 31/12/2022  0.01030 0.02132 0.01238 0.01366 0.00927

Source: Own elaboration with output from EViews
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FIGURE 10: Comparative Analysis of Periodic Volatility for Selected Stock Indices Using
Conditional Standard Deviation Estimates from the [VA RHMGKR( "H Model
Source: Own elaboration

During the pre-pandemic period, the standard deviations of all indices were relatively
stable, with the exception of the [SSE|index. The [SSE]index experienced a higher level of
volatility due to the stock market bubble in China during this period. This is reflected in
the corresponding rows of Table [VIII and respective bars of the graph depicted in Figure
10}

With the onset of the COVID-19 pandemic in early 2020, there was a significant in-
crease in volatility across all indices. This increase was particularly pronounced during
the initial outbreak and global spread of the virus (January 1, 2020 - March 10, 2020) and
the subsequent lockdown period (March 11, 2020 - June 30, 2020). These periods corre-
spond to a time of heightened uncertainty and disruption in global markets, as countries
around the world grappled with the unprecedented challenges posed by the pandemic.

The volatility gradually decreased as countries began to ease lockdown restrictions
and markets started to recover. However, the volatility remained high compared to the
pre-pandemic period, reflecting the ongoing impact of the pandemic on global markets.

The period preceding the Russian invasion of Ukraine, which marked the escalation
of tensions between Russia and Ukraine, reignited an increase in volatility after months of
recovery. This is particularly evident in the[MOEX]index, which experienced a significant
increase in volatility during this period.

The Russian invasion of Ukraine in February 2022 triggered an exceptional spike in
market volatility, especially observed in the MOEX]index with standard deviations esca-
lating significantly during 24-25 February 2022. This spike reflects the immediate turmoil
in the Russian market, with the high volatility levels persisting, indicating sustained mar-

ket unease. For visual clarity in Figure [I0} the y-axis scale was limited to 0.05 despite
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the peaking at 0.07365, ensuring the bar graph remains interpretable. A data gap
for the MOEX] from 28 February to 23 March 2022 means no standard deviation data is
present for this interval.

Towards the end of 2022, most indices seem to be returning to normal, with an overall
decrease in volatility. This suggests the markets may be beginning to stabilize after the
significant disruptions caused by the COVID pandemic and Russia’s invasion of Ukraine.

To complement the conditional standard deviations discussed, the study also calcu-
lates annualized volatility to contextualize the volatility over a consistent time period.
Annualized volatility is derived from daily standard deviations, scaled to an annual mea-
sure, providing a normalized view of volatility that facilitates year-over-year comparisons.
This calculation is particularly useful for assessing the long-term volatility trends of each

index, beyond the immediate fluctuations caused by specific events.

TABLE IX: Annualized Volatility Estimates for |SSE|, |MOEX|, |SX5E|, |SPX| and |NIFTY50|

Annualized Volatility
Year SSE MOEX  SXSE SPX  NIFTYS50
2013 0.15552  0.14776 0.13668 0.10899 0.15133
2014 0.15689 0.20155 0.16042 0.12118 0.12352
2015 0.33461 0.18403 0.20393 0.15415 0.15619
2016  0.20262 0.15599 0.20760 0.13382 0.14450
2017 0.11068 0.14664 0.12116 0.09168 0.11319
2018 0.17781 0.16382 0.14763  0.15993 0.13166
2019 0.16623 0.13736  0.14292 0.13394 0.13396
2020 0.18335 0.20474 0.26201 0.24257 0.22076
2021 0.14839 0.15970 0.15050 0.12762 0.14441
2022 0.17259 0.36015 0.20293  0.23240 0.14733

Source: Own elaboration

The annualized volatilities highlight the surge in market uncertainty during the early
stages of the COVID-19 pandemic and the following Russian-Ukrainian conflict. Notably,
index’s annualized volatility reveals the impact of the conflict on the Russian
markets, consistent with the spikes observed in the conditional standard deviations.

Furthering our exploration of market dynamics, the study assesses the correlation be-
tween squared volatilities and the correlation between squared returns. This analysis is
key to understanding the extent to which volatility within individual markets is echoed
across others and how this oscillation contributes to the collective movement during pe-
riods of financial turbulence. In this analysis, larger market fluctuations are accentuated

over smaller ones, since squaring inherently magnifies larger values to a greater extent.
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Covariance Analysis: Ordinary
Sample: 3/11/2013 12/31/2019

Included observations: 1777

Correlation SD2 SD2 SD2 SD2 SD2
Probability DSSE DMOEX DSX5E DSPX DNIFTY50
SD2 DSSE 1.00000
SD2 DMOEX 0.08307 1.00000
0.0005 —_
SD2 DSXS5SE 0.53562 0.12945 1.00000
0.0000 0.0000 —_—
SD2 DSPX 0.37224 0.07338 0.49465 1.00000
0.0000 0.0020  0.0000 —_—
SD2 DNIFTY50 0.37894 -0.00638 0.36998 0.41087 1.00000
0.0000 0.7882 0.0000 0.0000 —_—
Covariance Analysis: Ordinary
Sample: 1/01/2020 11/09/2021
Included observations: 485
Correlation SD2 SD2 SD2 SD2 SD2
Probability DSSE DMOEX DSX5SE DSPX  DNIFTY50
SD2 DSSE 1.00000
SD2 DMOEX 0.50754  1.00000
0.0000 —_—
SD2 DSX5E 0.51532 0.98257 1.00000
0.0000 0.0000 —_—
SD2 DSPX 0.51005 0.89839 0.94324 1.00000
0.0000 0.0000  0.0000 —_—
SD2 DNIFTY50 0.48978 0.91539 0.90435 0.83392 1.00000
0.0000 0.0000  0.0000 0.0000 —_—
Covariance Analysis: Ordinary
Sample: 11/10/2021 12/30/2022
Included observations: 298
Correlation SD2 SD2 SD2 SD2 SD2
Probability DSSE DMOEX DSX5E DSPX DNIFTY50
SD2 DSSE 1.00000
SD2 DMOEX 0.09307 1.00000
0.1088 —_—
SD2 DSXS5SE 0.30416 0.64696 1.00000
0.0000 0.0000 —_—
SD2 DSPX 0.45947 0.06011 0.29384 1.00000
0.0000 0.3010  0.0000 —_—
SD2 DNIFTY50 0.09677 0.62574 0.75821 0.27067 1.00000
0.0954 0.0000 0.0000 0.0000 —_—
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TABLE X: Correlation
Estimates for the
Squared Volatilities of
Selected Market Indices
for the Pre-Pandemic
Period

Source: Own elaboration with
output from EViews

TABLE XI: Correlation
Estimates for the
Squared Volatilities of
Selected Market Indices
for COVID-19
Pandemic Period

Source: Own elaboration with
output from EViews

TABLE XII: Correlation
Estimates for the
Squared Volatilities of
Selected Market Indices
for Russia’s invasion of
Ukraine Period

Source: Own elaboration with
output from EViews



GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

Tables [X| [XT|, and present correlations between squared volatilities of market in-
dices. The analysis of the correlation estimates for the squared volatilities provides insight
into the degree of synchronicity in market behaviors during the Pre-Pandemic Period, the
COVID-19 Pandemic, and Russia’s invasion of Ukraine.

In the pre-crisis period, correlations among squared volatilities of the indices were
moderate, indicating a baseline of market co-movements under normal economic con-
ditions. Notably, the interlinkages between European and US markets (SX5E] and [SPX])
were more pronounced, reflecting established economic connections. In contrast, Russian
and Chinese markets (MOEX] and [SSE) exhibited lower synchronicity, potentially due to

disparate market drivers and economic environments.

The COVID-19 pandemic saw a noticeable elevation in these correlations, signifying
a unified market response to the global shock. The persistence of high correlation between
European and US indices was evident, while the Chinese market demonstrated an increase
in correlation with other indices, though to a lesser extent, which could be attributed to its
different trajectory during the pandemic.

During the period of Russia’s invasion of Ukraine, the correlation pattern diverged,
particularly for the Russian market. The index showed a distinct reduction in
correlation with other global indices, likely a reflection of the unique geopolitical risks
and economic sanctions impacting Russia. Meanwhile, the remaining indices continued
to exhibit strong interdependencies.

These correlation dynamics across different periods suggest varied manifestations of
financial contagion and market interdependence. Having established the landscape of
squared volatility correlations across different market indices, we now turn our focus to
the correlation of squared returns. This metric will further highlight the interconnected-
ness of market behaviors, particularly how individual market movements echo collectively

during times of financial stress.
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Covariance Analysis: Ordinary

Sample: 3/11/2013 12/31/2019

Included observations: 1779

Balanced sample (listwise missing value deletion)

Correlation DSSE2 DMOEX2 DSXS5E2 DSPX2 DNIFTYS502

Probability

DSSE2 1.0000 TABLE XIII: Correlation
0.0000 Estimates for the

DMOEX?2 0.0236 1.0000 S quared Returns of

0.3189 0.0000

DSX5E2 02052 0.311  1.0000 Selected Market Indices

0.0000 0.0000 0.0000 fOI' Pre—Pandemic Period
DSPX2 0.1611 00575 04231 1.0000 Source: Own elaboration with

0.0000  0.0152  0.0000 0.0000 Ofrcf'f W‘;ﬁ‘ oration wi
DNIFTY502 02183  0.0353 02744 02423 1.0000 Outputirom EVIews

0.0000  0.1368  0.0000 0.0000 0.0000

Covariance Analysis: Ordinary

Sample: 1/01/2020 11/09/2021

Included observations: 485

Balanced sample (listwise missing value deletion)

Correlation DSSE2 DMOEX2 DSXS5E2 DSPX2 DNIFTYS502

Probability

DSSE2 1.0000 TABLE XIV: Correlation
0.0000 Estimates for the

DMOEX?2 0.1379 1.0000 Squared Returns of

0.0023 0.0000

DSX5E2 0.1477 08180  1.0000 Selected Market Indices

0.0011  0.0000  0.0000 for COVID-19

DSPX2 0.2107 0.5014  0.6609 1.0000 Pandemic Period
0.0000  0.0000  0.0000 0.0000

DNIFTY502 02437 03737  0.4008 0.4282 1.0000  Source: Own elaboration with
0.0000  0.0000  0.0000 0.0000 0.0000 output from EViews

Covariance Analysis: Ordinary

Sample: 11/10/2021 12/30/2022

Included observations: 298

Balanced sample (listwise missing value deletion)

Correlation DSSE2 DMOEX2 DSXS5E2 DSPX2 DNIFTY502

Probability

DSSE2 1.0000 TABLE XV: Correlation
0.0000 Estimates for the

DMOEX?2 -0.0021 1.0000 Squared Returns of

0.9707 0.0000

DSX5E2 00373  0.1276  1.0000 Selected Market Indices

0.5217 0.0276  0.0000 for Russia’s invasion of
DSPX2 00167  0.0340  0.2586 1.0000 Ukraine Period

07741 0.5593  0.0000 0.0000 o
DNIFTY502 0.0801 03485 03790 0.0731 1.0000 Source: Own elaboration with

0.1679  0.0000  0.0000 0.2080 0.0000  output from EViews
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Tables and present correlations between squared returns of market
indices, reflecting the intensity of return fluctuations across the Pre-Pandemic Period, the
COVID-19 Pandemic, and Russia’s Invasion of Ukraine.

Pre-pandemic correlations suggest typical market interdependence. The COVID-19
pandemic shows a significant increase in correlations, indicating intensified co-movements
during the global crisis, with statistically significant p-values underscoring this trend.

During Russia’s invasion of Ukraine, the correlation pattern shifts, with In-
dex showing varied correlations with other indices, indicating a differentiated impact of
regional tensions on market behaviors.

The preceding analyses of annualized volatility and the correlations of squared volatil-
ities and returns explain the complex nature of market volatility. The study now turns to

Table which summarizes the average conditional correlations per period.

TABLE XVI: Conditional Correlation Estimates from the VARIMGARCH| Model for the
Daily Log Returns of Selected Market indices

Average Conditional Correlation

MOEX MOEX MOEX MOEX NIFTY50 NIFTYS50 NIFTYS0 SPX SPX SSE
Period NIFTYS0 SPX SSE  SXSE SPX SSE SXSE SSE SXSE SXSE

11/03/2013 - 31/12/2013  0.3420 0.3302 0.0825 0.4379 0.3145 0.1253  0.4070 0.1385 0.5769 0.1424

01/01/2014 - 31/12/2014  0.2148 0.2296 0.1848 0.2643 0.3255 0.2144  0.2348 0.1952 0.3439 0.3429

01/01/2015 - 31/12/2015  0.2759 0.2790 0.0518 0.3415 03117 0.0961  0.3495 0.1385 0.5930 0.1019
01/01/2016 - 30/12/2016 ~ 0.2744 0.3329 0.1311 0.4426 0.3402 0.1326  0.4009 0.1492 0.5934 0.1169
02/01/2017 - 29/12/2017  0.1956 0.2805 0.1936 0.3515 0.2031 0.2607  0.2381 0.1278 0.5572 0.1310
01/01/2018 - 31/12/2018  0.2223 0.2664 0.1003 0.3684  0.2384  0.1607  0.3199 0.1505 0.5475 0.1533

01/01/2019 - 31/12/2019  0.2264 0.2824 0.1264 0.3745 0.2500 0.1715 0.2611 0.1495 0.6008 0.1173

01/01/2020 - 10/03/2020  0.2818 0.3443 0.1388 0.4946  0.2509 0.1681  0.3336 0.1616 0.6439 0.1324
11/03/2020 - 30/06/2020  0.4221 0.3416 -0.0082 0.6334  0.4379  0.0346  0.5244 0.2450 0.7315 0.1529
01/07/2020 - 31/12/2020  0.2891 0.2472 0.1078 0.4676  0.2223  0.1214  0.4289 0.1716 0.5318 0.0981

01/01/2021 - 30/06/2021  0.3185 0.2637 0.1251 0.4277 0.2645 0.1580 0.3486 0.1374 0.5263 0.1025

01/07/2021 - 09/11/2021  0.2667 0.2997 0.1144 0.4052 0.2294 0.1955 0.3036 0.1086 0.5982 0.1092

10/11/2021 - 23/02/2022  0.4460 0.3141 0.1160 0.4574 0.3073  0.1931  0.4577 0.1460 0.4493 0.1007
24/02/2022 - 25/02/2022  0.2882 0.3904 0.1449 0.3891 0.2304 0.1175 0.5460 0.0920 0.3756 0.1141
28/02/2022 - 23/03/2022 0.2938  0.1221  0.5536 0.1428 0.4639 0.1060

24/03/2022 - 07/04/2022  0.2952 0.1690 0.0334 0.2157 0.2702  0.1058  0.4563 0.0875 0.4961 0.0761

08/04/2022 - 26/08/2022  0.1822 0.2306 0.0816 0.2643  0.3301  0.1506  0.4048 0.1023 0.5960 0.1251
29/08/2022 - 11/11/2022  0.1971 0.2329 0.0880 0.3112  0.2673  0.1756  0.3634 0.0690 0.5944 0.1222
12/11/2022 - 30/12/2022  0.2599 0.2395 0.0667 0.3745 0.2523  0.1351  0.2828 0.0684 0.5357 0.1051

Period Average 0.2777 0.2819 0.1044 0.3901 0.2810 0.1494  0.3797 0.1359 0.5450 0.1290

Source: Own elaboration with output from EViews
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The period from 11/03/2013 to 31/12/2019 serves as our reference point for the anal-
ysis. During this time, the average correlation was approximately 0.26, reflecting a mod-
erate level of interdependence between the indices. The correlations remained relatively
consistent throughout this period, with the highest correlation observed between the
and indices in 2019 (0.60) and the lowest between the MOEX] and [SSE] indices in
2015 (0.05). These values provide a snapshot of the market dynamics prior to the onset

of the COVID-19 pandemic and the Russian invasion of Ukraine.

The global economic impact of the COVID-19 pandemic, particularly during the pe-
riod of 11/03/2020 - 30/06/2020, led to a significant increase in correlation across the
indices, with the average correlation surging to approximately 0.35. This heightened cor-
relation reflects the synchronized response of global markets to the unprecedented crisis,
as countries around the world grappled with the economic fallout of the pandemic.

In the subsequent period, from 01/07/2020 to the pre-invasion period of late 2021,
the correlation began to normalize, reflecting the gradual adaptation of global markets to
the new economic realities imposed by the pandemic. This period saw a gradual return
to pre-pandemic correlation levels, indicating the resilience of global markets. However,
the correlation remained slightly high compared to the pre-pandemic period, suggesting
that the effects of the pandemic continued to influence market interdependencies to some
extent.

The geopolitical events that unfolded with the Russian invasion of Ukraine had a no-
ticeable impact on the correlation of the index with other indices. The onset
of the invasion and the ensuing sanctions and geopolitical tensions led to a significant
decrease in the correlation between the and other indices. For instance, the corre-
lation between  MOEX] and [SX5E| plummeted from 0.63 during the period of 11/03/2020
- 30/06/2020 to 0.22 in the period of 24/03/2022 - 07/04/2022. This decrease underscores
the isolating effect of geopolitical conflicts on market interdependencies.

In the most recent period of 12/11/2022 - 30/12/2022, the average correlation returned

to a more moderate level of approximately 0.23. This suggests a degree of stabilization
in the markets, albeit at a level of correlation that remains influenced by ongoing global
events and market conditions.

In conclusion, the comprehensive analysis covering conditional standard deviations
and correlations, annualized volatilities and correlation of squared volatilities and returns,
provides compelling evidence of financial contagion. The analysis revealed marked in-
creases in volatility, signifying intensified market fluctuations that went beyond geograph-
ical borders. This was mirrored by a simultaneous elevation in the correlations across
multiple markets, further supporting the notion of financial contagion. The periods of the

COVID-19 pandemic and the Russian invasion of Ukraine were particularly telling, as
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they provoked sudden and significant changes in these metrics. These shifts in correla-
tions and volatilities during such critical periods underscore the deep interconnectedness
of global financial markets and the capacity of localized economic events to spread wide-

reaching impacts.

5.2 Policy Implications

This research offers some important considerations for policy development in the
realms of financial regulation and risk management.

First, the data suggests that financial markets are interconnected, with particular at-
tention to the COVID-19 pandemic and the Russian invasion of Ukraine. This inter-
connectedness could imply that policy decisions in one market might have ripple effects
elsewhere. While the findings are not definitive, they invite policymakers to think globally
when considering financial regulations.

Second, the observed volatility during crisis periods signals the relevance of risk man-
agement. Institutions and investors might consider having strategies for such times, like
diversifying portfolios or employing financial derivatives as hedges. However, these are
suggestions and should be adapted to specific conditions.

Third, geopolitical events, as demonstrated by the Russian invasion affecting the
index, can have an important impact on financial markets. Policymakers might
consider this when making geopolitical decisions, although it’s important to note that this
is one study among many that could inform such considerations.

In summary, this study offers some points for reflection for those involved in policy-
making and financial regulation. It should not be seen as definitive but adds to the body

of work aimed at understanding financial market dynamics.

6 CONCLUSION

This study aimed to investigate the financial contagion effects of the COVID-19 pan-
demic and Russia’s invasion of Ukraine on five selected stock market indices. Employing
a [VARHIMGARCH] model, the study analyzed not only the conditional standard devia-

tions and correlations of these indices but also incorporated the assessment of annualized

volatility and the correlation of squared returns and volatilities. This approach provided
deeper insights into their volatility, interdependencies, and the intricate dynamics of mar-
ket movements under the impact of these global events.

The findings of this study provide compelling evidence of financial contagion. The
heightened levels of volatility that spilled over from one market to another, coupled with

the simultaneous increase in correlations across multiple markets, are indicative of finan-
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cial contagion. The abrupt and sensitive changes in correlations and volatilities observed
during the periods of the COVID-19 pandemic and the Russian invasion of Ukraine fur-
ther underscore this phenomenon.

Specifically, the study found significant increases in volatility across all indices dur-
ing the initial outbreak and global spread of the COVID-19 virus, and the subsequent
lockdown period. The volatility gradually decreased as countries began to ease lockdown
restrictions and markets started to recover, but remained elevated compared to the pre-
pandemic period.

The Russian invasion of Ukraine marked another period of increased volatility, partic-
ularly for the MOEX]index. The standard deviations for this index increased significantly
in the days following the start of the invasion, reflecting the immediate impact of the
invasion on the Russian financial market.

In terms of correlations, the study found a significant increase across the indices dur-
ing the COVID-19 pandemic, reflecting the synchronized response of global markets to
the crisis. However, the Russian invasion of Ukraine led to a significant decrease in the
correlation between the and other indices, underscoring the isolating effect of
geopolitical conflicts on market interdependencies.

While this study provides valuable insights into the financial contagion effects of the
COVID-19 pandemic and the Russian invasion of Ukraine, it is not without limitations.
The study focused on a specific set of stock market indices, and the findings may not
be generalizable to other markets or indices. Furthermore, the study relied on a VAR-
MGARCH model, which, while robust, may not capture all the complexities of financial
contagion.

Future research could extend this study in several ways. First, researchers could exam-
ine a broader set of indices or include additional variables such as commodity prices and
exchange rates to provide a more comprehensive picture of financial contagion. Second,
researchers could employ different econometric models or methodologies to analyze fi-
nancial contagion, which could provide complementary insights. Finally, future research
could focus on other significant global events and their impacts on financial markets, fur-

ther enriching our understanding of financial contagion.

45



GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

BIBLIOGRAPHY

K. J. Forbes and R. Rigobon. No Contagion, Only Interdependence: Measuring Stock
Market Comovements. In: The Journal of Finance 57.5 (2002), pp. 2223-2261.

Jian Wu, Zhengjun Zhang, and Yong Zhao. Study of the Tail Dependence Structure in
Global Financial Markets Using Extreme Value Theory. In: Journal of Reviews on
Global Economics 1.1 (2012), pp. 1-20. DOI: 10.6000/1929-7092.2012.01.6.

Dinh-Vinh Vo. A Coexceedance Approach on Financial Contagion. June 2014. DOI:
10.2139/ssrn.2329693.

Tim G. Andersen et al. Handbook of Financial Time Series. Springer, 2009. DOI:
10.1007/978-3-540-71297-8.

C. Brooks. Introductory Econometrics for Finance. Cambridge University Press, 2014.
R.S. Tsay. Analysis of Financial Time Series. John Wiley & Sons, 2010.
Helmut Liitkepohl. New Introduction to Multiple Time Series Analysis. Springer, 2005.

Robert F. Engle. Autoregressive Conditional Heteroscedasticity with Estimates of the
Variance of United Kingdom Inflation. In: Econometrica 50.4 (1982), pp. 987-1007.
DOI: 10.2307/1912773.

Tim Bollerslev. Generalized autoregressive conditional heteroskedasticity. In: Journal
of Econometrics 31.3 (1986), pp. 307-327. DOI: 10.1016/0304-4076(86)90063-1.

Tim Bollerslev, Robert F. Engle, and Jeffrey M. Wooldridge. A Capital Asset Pric-
ing Model with Time-Varying Covariances. In: Journal of Political Economy 96.1
(1988), pp. 116-131.

Robert F. Engle and Kenneth F. Kroner. Multivariate Simultaneous Generalized Arch.
In: Econometric Theory 11.1 (1995), pp. 122-150.

Jean-Michel Zakoian. Threshold Heteroskedastic Models. In: Journal of Economic Dy-
namics and Control 18.5 (1994), pp. 931-955. DOI: 10.1016/0165-1889(94)90039-
6.

Tim Bollerslev. Modelling the Coherence in Short-Run Nominal Exchange Rates: A
Multivariate Generalized Arch Model. In: The Review of Economics and Statistics
72.3 (1990), pp. 498-505. DOI: 10.2307/2109358.

46



GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

Carl de Boor. A Practical Guide to Splines. New York: Springer Verlag, 1978. DOI:
10.1007/978-1-4612-6333-3.

Luc Bauwens, Dominique Deprins, and Veronica Jean-Pierre. Modelling Interest Rates
With A Cointegrated Var-Garch Model. In: Unpublished manuscript (1997).

J. Allegret, C. Couharde, and C. Guillaumin. The impact of external shocks in East
Asia: Lessons from a structural VAR model with block exogeneity. In: Economie
internationale 132 (2012), pp. 35-89. DOI: 10.3917/ec0i.132.0035.

Yue Liu et al. Time-Varying Relationship between Crude Oil Price and Exchange Rate
in the Context of Structural Breaks. In: Energies 13.9 (2020), p. 2395. DOI:
10.3390/en13092395.

A. Ghorbel and A. Jeribi. Volatility spillovers and contagion between energy sector and
financial assets during COVID-19 crisis period. In: Eurasian Economic Review 11
(2021), pp. 449-467. DOI: 10.1007/s40822-021-00181-6.

J. Chevallier. COVID-19 Pandemic and Financial Contagion. In: Journal of Risk and
Financial Management 13.12 (2020), p. 309. DOI: 10.3390/jrfm13120309.

M. Izzeldin et al. The impact of the Russian-Ukrainian war on global financial mar-
kets. In: International Review of Financial Analysis 87 (2023), p. 102598. DOI:
10.1016/}.irfa.2023.102598.

W. Pan, H. Zhao, and L. Miu. An Empirical Study on Supply Chain Risk Contagion
Effect Based on VAR-GARCH (1,1)-BEKK Model. In: Wireless Pers Commun 109
(2019), pp. 761-775. DOI: 10.1007/s11277-019-06589-3.

Kashif Saleem. International Linkage of the Russian Market and the Russian Financial
Crisis: A Multivariate GARCH Analysis. BOFIT Discussion Paper 8/2008. BOFIT,
2008. DOI: 10.2139/ssrn.1147015.

G. Saerri. The Brexit: A Case of Financial Contagion? Universidade de Lisboa, Pro-
Quest Dissertations Publishing, 2019

W. Wei. Time Series Analysis Univariate and Multivariate Methods. Pearson Modern
Classics for Advanced Statistics Series, Pearson Education, 2019. ISBN: 9780134995366.

G. Gonzalez-Rivera. Forecasting for Economics and Business. Pearson, 2013.

T.C. Mills. Applied Time Series Analysis: A Practical Guide to Modeling and Forecast-
ing. AP, 2019.

47



GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

EVENTS TIMELINE

"CDC Museum COVID-19 Timeline" Centers for Disease Control and Prevention, 2021.
URL: https://www.cdc.gov/museum/timeline/covidl9.html

"A Pandemic Year: Sorrow and stamina, defiance and despair. It’s been a year." The
Washington Post, 2021 URL: https://www.washingtonpost.com/nat

ion/interactive/2021/coronavirus—timeline/.

"Coronavirus timeline." The New York Times, 2022. URL: https://www.nytime

s.com/article/coronavirus—timeline.html.

"COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at
Johns Hopkins University (JHU)." Johns Hopkins University, 2023. URL: https:

//coronavirus. jhu.edu/region/united-states.

"Timeline of WHO’s response to COVID-19." World Health Organization, 2023. URL:
https://www.who.int/emergencies/diseases/novel—-coronavi

rus—2019/interactive-timeline#event—1.

"Timeline of EU action on COVID-19." European Council, 2023. URL: https://ww
w.consilium.europa.eu/en/policies/coronavirus/timeline

/.

"Ukraine launches counter-offensive in south as Russia shells port city." Reuters, 2022.
URL: https://www.reuters.com/world/europe/shelling—ne
ar—-ukraine—-nuclear-plant—fuels—-disaster-fears—-russia-
pounds—donbas—-2022-08-29/.

"U.S. Congress revives World War Two-era Lend-Lease program for Ukraine." Reuters,
2022. URL: https://www.reuters.com/world/us—-congress-—
revives—-world-war—-two—era-lend-lease-program—ukraine-
2022-04-28/\

"Russia-Ukraine live news: UN suspends Russia from rights council. Al Jazeera, 2022.
URL: https://www.aljazeera.com/news/2022/4/6/us—pushes-—

to—-expel-russia-from—g20-amid-ukraine—abuses-1iveblog.

"Soldiers, Separatists, Sanctions: A Timeline Of The Russia-Ukraine Crisis." NDTV,
2022. URL: https://www.ndtv.com/world-news/soldiers—-se
paratists—-sanctions—-a—-timeline-of-the-russia-ukraine-
crisis—2782377.

48


https://www.cdc.gov/museum/timeline/covid19.html
https://www.washingtonpost.com/nation/interactive/2021/coronavirus-timeline/
https://www.washingtonpost.com/nation/interactive/2021/coronavirus-timeline/
https://www.nytimes.com/article/coronavirus-timeline.html
https://www.nytimes.com/article/coronavirus-timeline.html
https://coronavirus.jhu.edu/region/united-states
https://coronavirus.jhu.edu/region/united-states
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/interactive-timeline#event-1
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/interactive-timeline#event-1
https://www.consilium.europa.eu/en/policies/coronavirus/timeline/
https://www.consilium.europa.eu/en/policies/coronavirus/timeline/
https://www.consilium.europa.eu/en/policies/coronavirus/timeline/
https://www.reuters.com/world/europe/shelling-near-ukraine-nuclear-plant-fuels-disaster-fears-russia-pounds-donbas-2022-08-29/
https://www.reuters.com/world/europe/shelling-near-ukraine-nuclear-plant-fuels-disaster-fears-russia-pounds-donbas-2022-08-29/
https://www.reuters.com/world/europe/shelling-near-ukraine-nuclear-plant-fuels-disaster-fears-russia-pounds-donbas-2022-08-29/
https://www.reuters.com/world/us-congress-revives-world-war-two-era-lend-lease-program-ukraine-2022-04-28/
https://www.reuters.com/world/us-congress-revives-world-war-two-era-lend-lease-program-ukraine-2022-04-28/
https://www.reuters.com/world/us-congress-revives-world-war-two-era-lend-lease-program-ukraine-2022-04-28/
https://www.aljazeera.com/news/2022/4/6/us-pushes-to-expel-russia-from-g20-amid-ukraine-abuses-liveblog
https://www.aljazeera.com/news/2022/4/6/us-pushes-to-expel-russia-from-g20-amid-ukraine-abuses-liveblog
https://www.ndtv.com/world-news/soldiers-separatists-sanctions-a-timeline-of-the-russia-ukraine-crisis-2782377
https://www.ndtv.com/world-news/soldiers-separatists-sanctions-a-timeline-of-the-russia-ukraine-crisis-2782377
https://www.ndtv.com/world-news/soldiers-separatists-sanctions-a-timeline-of-the-russia-ukraine-crisis-2782377

GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

"EU pledge support for Ukraine, not ready with new Russia sanctions." Reuters, 2022.
URL: https://www.reuters.com/world/europe/eu—pledge-
support—-ukraine-not-ready-with-new—-russia-sanctions-

2022-05-30/.

"Ukraine war timeline: One year on." World Economic Forum, 2023. URL: https:
//www.weforum.org/agenda/2023/02/ukraine-war-timeline—

one-vyear/.

"Russia-Ukraine war: A timeline of key events." CNN, 2023. URL: https://edit
ion.cnn.com/interactive/2023/02/europe/russia-ukraine-

war—-timeline/index.htmll

49


https://www.reuters.com/world/europe/eu-pledge-support-ukraine-not-ready-with-new-russia-sanctions-2022-05-30/
https://www.reuters.com/world/europe/eu-pledge-support-ukraine-not-ready-with-new-russia-sanctions-2022-05-30/
https://www.reuters.com/world/europe/eu-pledge-support-ukraine-not-ready-with-new-russia-sanctions-2022-05-30/
https://www.weforum.org/agenda/2023/02/ukraine-war-timeline-one-year/
https://www.weforum.org/agenda/2023/02/ukraine-war-timeline-one-year/
https://www.weforum.org/agenda/2023/02/ukraine-war-timeline-one-year/
https://edition.cnn.com/interactive/2023/02/europe/russia-ukraine-war-timeline/index.html
https://edition.cnn.com/interactive/2023/02/europe/russia-ukraine-war-timeline/index.html
https://edition.cnn.com/interactive/2023/02/europe/russia-ukraine-war-timeline/index.html

GUILHERME MENDES GLOBAL CRISES AND MARKET TURMOIL

A EVENTS TIMELINE

A.1 COVID-19 Pandemic

TABLE XVII: Timeline of COVID-19 Pandemic

Date Description

December 12,2019 A cluster of patients in the city of Wuhan, begin to experience
symptoms of an atypical pneumonia-like illness that does not

respond well to standard treatments.

January 1, 2020 The Huanan Seafood Wholesale Market in Wuhan is closed
amid worries in China of a reprise of the 2002-2004 SARS-
CoV-1 outbreak.

January 7, 2020 Public health officials in China identify a novel coronavirus as

the causative agent of the outbreak.

January 11, 2020 Chinese media reported the first death from the novel coron-

avirus.

January 13, 2020 The Thailand Ministry of Public Health confirms the first case
of the SARS-CoV-2 virus outside of China.

January 19, 2020 Worldwide, 282 laboratory-confirmed cases of the 2019 Novel

Coronavirus have been reported in four countries.

January 20, 2020 CDC reports the first laboratory-confirmed case of the 2019
Novel Coronavirus in the U.S..

January 23, 2020 Wuhan, China— a city of 11 million people — is placed under

lockdown due to the 2019 Novel Coronavirus outbreak.

January 30, 2020 The W.H.O. declared a global health emergency.

February 2, 2020 The first coronavirus death was reported outside China.

February 10, 2020 Worldwide deaths from the 2019 Novel Coronavirus reach
1,013. The SARS-CoV-2 virus has now killed more people than

the severe acute respiratory syndrome (SARS-CoV-1) outbreak.

February 11, 2020 WHO announces the official name for the disease that is caus-
ing the 2019 Novel Coronavirus outbreak: “COVID-19.”

Continued on next page
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TABLE XVII - continued from previous page

Date Description

February 14,2020  France announced the first coronavirus death in Europe.

February 21,2020 A significant increase of COVID-19 cases are registered in
Northern Italy.

February 23,2020  As Italy becomes a global COVID-19 hotspot, the Italian gov-
ernment issues Decree-Law No. 6, containing urgent measures
to contain and manage the epidemiological emergency caused
by COVID-19, effectively locking down the country.

February 25,2020  CDC’s Dr. Nancy Messonnier braces the nation to expect mit-
igation efforts to contain the SARS-CoV-2 virus in the U.S.
that may include school closings, workplace shutdowns, and

the canceling of large gatherings and public events.

February 29,2020  The authorities announce a patient died in what was believed to

be the first coronavirus death in the U.S. at the time.

March 7, 2020 To mark the number of confirmed COVID-19 cases surpassing
100 000 globally.
March 11, 2020 After more than 118,000 cases in 114 countries and 4,291

deaths, the WHO declares COVID-19 a pandemic.

March 13, 2020 Europe become the epicentre of the pandemic with more re-
ported cases and deaths than the rest of the world combined,
apart from the People’s Republic of China.

The Trump Administration declares a nationwide emergency

and issues an additional travel ban.

March 15, 2020 States begin to implement shutdowns in order to prevent the
spread of COVID-19.

March 18, 2020 EU member states join forces to keep priority traffic moving.

March 24, 2020 India announced a 21-day lockdown.

Continued on next page
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TABLE XVII - continued from previous page

Date

Description

March 27, 2020

The Trump Administration signs the Coronavirus Aid, Relief,
and Economic Security (CARES) Act into law. The act in-
cludes funding for $1,200 per adult, expanded unemployment
benefits, forgivable small business loans, loans to major indus-
tries and corporations, and expanded funding in response to the

economic crisis caused by COVID-19.

March 28, 2020

To prevent the spread of COVID-19, the White House extends

all social distancing measures.

March 30, 2020

The EU adopted legislation to quickly release funding from the
EU budget to tackle the COVID-19 crisis.

April 4, 2020

WHO reported that over 1 million cases of COVID-19 had been

confirmed worldwide.

April 9, 2020

Eurogroup puts forward €500 billion support package.

April 10, 2020

Cases surged in Russia.
U.S. is the country with the most reported COVID-19 cases and
deaths.

April 23, 2020

EU leaders to work on a recovery fund

May 21, 2020

AstraZeneca receives more than $1 billion from the U.S. gov-
ernment in funding for the development of the COVID-19 vac-

cine, with the first doses due to arrive in September.

May 28, 2020

The recorded death toll from COVID-19 in the U.S. surpasses
100,000.

June 8, 2020

The World Bank states that the COVID-19 pandemic will
plunge the global economy into the worst recession since World
War II.

June 10, 2020

Confirmed COVID-19 cases in the U.S. surpass 2 million.

June 30, 2020

The E.U. said it would reopen borders. The European Union
prepared to open to visitors from 15 countries on July 1.

The United States begins to reopen its economy.

Continued on next page
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TABLE XVII - continued from previous page

Date Description

July 7, 2020 The number of confirmed COVID-19 cases in the U.S. sur-
passes 3 million.

July 13, 2020 The first COVID-19 vaccine candidate is approved for human
trials.

July 17, 2020 India reached a million coronavirus cases, and lockdowns were
reimposed.

July 21, 2020 European leaders agreed on a $857 billion stimulus package.

August 17, 2020 COVID-19 becomes the 3rd leading cause of death in the U.S..

August 24, 2020 The first documented case of COVID-19 reinfection is con-

firmed.

September 6, 2020  India became the country with the second-highest number of

cases with more than 4 million.

September 21, 2020 Johnson & Johnson begins phase 3 clinical trials of its COVID-

19 vaccine.

September 28, 2020 The reported death toll from COVID-19 reaches more than 1

million worldwide.

October 7, 2020 New Zealand lifts restrictions and declares COVID-19 “beaten”

after a cluster of 179 cases is fully contained.

November 16, 2020 Moderna’s COVID-19 vaccine is found to be 95.4% effective

in its clinical trial.

November 18, 2020 Pfizer-BioNTech’s COVID-19 vaccine is found to be 95% ef-

fective in their trial.

November 19, 2020 EU leaders step up coordination on mutual recognition of tests

and vaccines deployment

December 11, 2020 FDA issues an EUA for the Pfizer-BioNTech COVID-19 vac-

cine.

December 14, 2020 The recorded death toll from COVID-19 in the U.S surpasses
300,000.

Continued on next page
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TABLE XVII - continued from previous page

Date Description

December 18, 2020 FDA issues an EUA for the Moderna COVID-19 vaccine.

December 21, 2020  First COVID-19 vaccine authorised for use in the EU.

December 24, 2020 More than 1 million COVID-19 vaccine doses have been ad-
ministered in the U.S. in just 10 days.

December 30, 2020 The AstraZeneca COVID-19 vaccine is authorized for emer-
gency use in the U.K.

December 31, 2020 WHO issued its first emergency use validation for a COVID-19
vaccine and emphasized the need for equitable global access.

January 6, 2021 The EU granted a conditional marketing authorisation for the
Moderna COVID-19 vaccine, the second COVID-19 vaccine
authorised for use in EU countries.

January 18, 2021 The reported death toll from COVID-19 in the U.S. surpasses
400,000.

January 26, 2021 More than 23 million COVID-19 vaccine doses have been ad-

ministered in the U.S.

January 29, 2021 EU authorises third COVID-19 vaccine for use in the EU

February 21, 2021 The recorded COVID-19 death toll in the U.S. surpasses
500,000.

March 8, 2021 CDC recommends that people who are fully vaccinated against
COVID-19 can safely gather with other fully vaccinated people

indoors without masks and without socially distancing.

March 11, 2021 Fourth COVID-19 vaccine authorised for use in the EU

March 13, 2021 More than 100 million COVID-19 vaccine doses have been ad-

ministered in the U.S.

March 29, 2021 A CDC study finds that COVID-19 vaccines are highly effec-
tive at preventing infection with the SARS-CoV-2 virus in real-

world conditions.

Continued on next page
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TABLE XVII - continued from previous page

Date

Description

April 2, 2021

CDC recommends that people who are fully vaccinated against

COVID-19 can safely travel at lower-risk to themselves.

April 21, 2021

More than 200 million COVID-19 vaccine doses have been ad-

ministered in the U.S.

May 14, 2021 CDC finds that mRNA COVID-19 vaccines reduce the risk of
infection with the SARS-CoV-2 virus by approximately 94%.
May 20, 2021 Agreement on EU digital COVID certificate

June 30, 2021

Over 1 billion doses of COVID-19 vaccine have been adminis-

tered worldwide.

July 13, 2021

Green light for first EU recovery funds to reach 12 EU countries

July 28, 2021

Green light for EU recovery funds given to four more EU coun-

tries

January 3, 2022

The U.S. reports nearly 1 million new COVID-19 infections—
the highest daily total of any country in the world.

January 31, 2022

FDA fully approves the Moderna COVID-19 vaccine for all

people ages 18 years and older.

February 11, 2022

CDC releases data showing that COVID-19 vaccine boosters
remain safe and were highly effective against severe disease

during the Omicron and Delta variant surges.

March 14, 2022

Several regions in China face new lockdowns under the
“COVID Zero” policy when cases of the Omicron variant are
found. Tens of millions of people are required to stay inside
their homes, key technology manufacturers like Foxconn and
Unimicron close factories, and the production and distribution

of goods is disrupted throughout the world.

May 31, 2022

Authorities in Shanghai announce that they are partially re-
opening China’s largest city after two months of a COVID-19

lockdown.

TABLE XVII: Timeline of COVID 19 Pandemic (continued)
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A.2  Russia Invasion of Ukraine

TABLE XVIII: Timeline of Russian Invasion of Ukraine

Date

Description

November 10, 2021

Washington reports unusual Russian troop movements near the

Ukrainian border.

November 28, 2021

Ukraine says Russia is massing nearly 92,000 troops for an of-

fensive at the end of January or early February.

December 7, 2021

US President Biden threatens Russia with "strong economic

and other measures" if he invades Ukraine.

January 17, 2022

Russian troops begin arriving Belarus for military drills, which

Moscow says are aimed at "thwarting external aggression".

January 24, 2022

NATO puts troops on standby and sends ships and fighter jets

to bolster Europe’s eastern defences.

January 25, 2022

Moscow begins military exercises involving some 6,000 troops
and at least 60 fighter jets in southern Russia near Ukraine and

in Moscow-annexed Crimea.

February 2, 2022

U.S. sends 3,000 troops to fortify NATO forces in eastern Eu-

rope.

February 17, 2022

Shellfire intensifies along the frontline of Russian-backed en-

claves in eastern Ukraine.

February 19, 2022

Ukraine says two of its soldiers died in attacks on the frontline

with Russian-backed separatists.

February 23, 2022

In a televised address on February 22, Putin recognises the in-
dependence of two separatist regions in eastern Ukraine. The
EU vows sanctions. Putin orders Russian troops into separatist

areas in eastern Ukraine on a "peacekeeping" mission.

February 24, 2022

Putin announces the launch a “special military operation” to
Ukraine. In the early hours of February 24, Russian President

Putin ordered his troops into Ukraine.

Continued on next page
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TABLE XVIII - continued from previous page

Date Description

February 2022 Western nations impose a widespread package of sanctions on
Moscow, including stopping transactions with Russia’s central
bank, banning new investment, and freezing the assets of Rus-

sian political and business leaders.

March 2, 2022 The United Nations’ refugee agency said at least 100,000 peo-
ple had left their homes in the first 24 hours of the military

assault with thousands of people waiting to cross into Poland.

April 7, 2022 The United States Congress began passing a bill that would
make it easier to send weapons to Ukraine.
The United Nations General Assembly expelled Russia from
the UN Human Rights Council.
Russian troops deployed to the northern front by the Russian
Eastern Military District pulled back from the Kyiv offensive,
apparently to resupply then redeploy to the Donbas region to

reinforce the renewed invasion of southeastern Ukraine.

April 14, 2022 The flagship of Russia’s Black Sea fleet sank. Ukraine said it
hit the Moskva with anti-ship cruise missiles, sparking a fire

that detonated stored ammunition.

April 19, 2022 The conflict escalates the global food crisis and Ukraine’s gov-
ernment announces a ban on a wide range of agricultural ex-
ports. World food prices reach a record high. The Russian Fed-
eration and Ukraine, combined, supply around 30% of global

wheat exports and around a fifth of the world’s maize.

May 31, 2022 EU Bloc agrees to cut 90% of Russian oil imports by year-end
June 7, 2022 World Bank approves $1.49 billion in funds for Ukraine
July 25, 2022 Russian energy giant Gazprom says it will halve gas supplies

to Europe through the Nord Stream 1 pipeline. Prior to the war,

Europe imported more than 40% of its gas from Russia.

August 29, 2022 Ukraine launches counter-offensive in south as Russia shells

port city.

Continued on next page
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TABLE XVIII - continued from previous page

Date Description

September 1, 2022  Russian forces flee Kharkiv region. A Ukrainian counteroffen-
sive in eastern Ukraine recaptured large swaths of territory and

forced Russian troops to flee Kharkiv.

September 21, 2022 Russia’s partial mobilization starts. Putin announced Russia’s
first mobilization since World War II. The partial mobilization
produced fighters that were poorly equipped and largely un-

trained but it significantly increased Russia’s troop numbers.

September 2022 European gas prices spike by as much as 30% after Russia
says one of its main gas supply pipelines to Europe will remain
closed indefinitely.

October 8, 2022 Crimea bridge attack. The only bridge connecting Russia with

the Crimean Peninsula was severely damaged by an explosion.

October 10, 2022 Kyiv blackout. A new phase of the war began when Rus-
sia launched the first of several waves of missile strikes on
Ukraine’s critical energy infrastructure. Moscow began target-
ing Ukrainian power facilities, leaving large areas of the coun-

try without power and water.

November 11,2022  Ukrainian troops entered the city of Kherson, while the front

line reached the west bank of the Dnipro River.

November 12,2022  After months of Russian occupation, Kherson was liberated.
Russia’s withdrawal from the west bank of the Dnipro River
was another bleak moment for Moscow, as Kherson was the

only Ukrainian regional capital that Russia had captured.

December 21,2022 The Biden administration announced it was sending nearly $2

billion in additional security assistance to Ukraine.

December 2022 The European Central Bank says it expects inflation to remain
above its 2% target for the next three years. Several factors,
including the war in Ukraine, caused inflation to spike at 10.6%

in October across the 19 countries that use the euro.

TABLE XVIII: Timeline of Russian Invasion of Ukraine (continued)
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B VAR-MGARCH MODEL SPECIFICATIONS

B.1 VAR Model

Vector Autoregression Estimates

Sample (adjusted): 3/11/2013 12/30/2022
Included observations: 2560 after adjustments
Standard errors in () & t-statistics in [ ]

DMOEX  DNIFTY50 DSPX DSSE DSX5E

DMOEX(-1) 0.091389  0.053543  -0.01373  0.016479  0.018696
0.02171)  (0.01551)  (0.01663)  (0.01940)  (0.01856)
[4.20803]  [3.45188] [-0.82515] [0.84915] [ 1.00707]
DMOEX(-2) -0.07294 -0.01712  -0.00542  0.005776  -0.00502
(0.02174)  (0.01553)  (0.01665)  (0.01943)  (0.01859)
[-3.35395]  [-1.10246] [-0.32522] [0.29725]  [-0.26998]
DNIFTY50(-1) -0.10457 20.06407  -0.11728  -0.07135  -0.13385
0.03123)  (0.02230)  (0.02392)  (0.02790)  (0.02669)
[-3.34824]  [-2.87214] [-4.90202] [-2.55669] [-5.01343]
DNIFTY50(-2) -0.01689 -0.04729  0.022009  0.031667  0.006655
(0.03035)  (0.02168)  (0.02325)  (0.02712)  (0.02594)
[-0.55641]  [-2.18109] [0.94644] [1.16744] [0.25648]

DSPX(-1) 0.24511 0.290351 -0.11336 0.145213 0.25362
(0.03279) (0.02342)  (0.02512)  (0.02930)  (0.02803)
[ 7.47345] [12.3951] [-4.51184] [4.95495] [9.04641]
DSPX(-2) 0.081881 0.051049 -0.0151 0.019013 0.081744

(0.03361)  (0.02400)  (0.02575)  (0.03003)  (0.02873)
[2.43585]  [2.12631] [-0.58646] [0.63298] [ 2.84486]
DSSE(-1) 0.02521 -0.03575 0.00482  0.060274  -0.02378
0.02269)  (0.01620)  (0.01738)  (0.02027)  (0.01939)
[-1.11069]  [-2.20562] [0.27725] [2.97226] [-1.22596]
DSSE(-2) 0.015641 20.01361  -0.03038  -0.02685  -0.03854
0.02254)  (0.01610)  (0.01727)  (0.02014)  (0.01927)
[0.69368]  [-0.84541] [-1.75861] [-1.33286]  [-1.99956]
DSXSE(-1) -0.12688 20.03174  0.054522 0.06562  -0.09333
(0.03146) (0.0224)  (0.02410)  (0.02811)  (0.02689)
[-4.03294]  [-1.41263] [2.26221] [2.33417]  [-3.47045]
DSX5E(-2) 0.03395  0.076383  0.137327  0.044875  0.011515
(0.03125)  (0.02232)  (0.02394)  (0.02792)  (0.02671)
[1.08637]  [3.42218] [5.73628] [1.60699] [0.43107]
C 9.04E-05  0.000357  0.000421  4.89E-05  8.20E-05
(0.00027)  (0.00019)  (0.00021)  (0.00024)  (0.00023)
[0.32619]  [1.80252] [1.98155] [0.19745] [0.34617]

R-squared 0.036298 0.090479 0.044745 0.03495 0.03895
Adj. R-squared 0.032517 0.08691 0.040997 0.031164 0.03518
Sum sq. resids 0.498776 0.254429 0.292703 0.398249 0.364451
S.E. equation 0.013988 0.009991 0.010716 0.012499 0.011957
F-statistic 9.600737 25.35728 11.93976 9.231392 10.33075
Log likelihood 7303.019 8164.631 7985.258 7591.121 7704.639
Akaike AIC -5.69689 -6.37002 -6.22989 -5.92197 -6.01066
Schwarz SC -5.67176 -6.3449 -6.20476 -5.89684 -5.98553

Mean dependent 0.000141 0.000435 0.000354 0.000112 0.000129
S.D. dependent 0.014222 0.010455 0.010943 0.012699 0.012173

Determinant resid covariance (dof adj.) 1.98E-20
Determinant resid covariance 1.94E-20
Log likelihood 39936.63
Akaike information criterion -31.1575
Schwarz criterion -31.0319
Number of coefficients 55

TABLE XIX: VAR(2) Model
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B.2 MGARCH Model

System: MGARCH111DBEKK

Estimation Method: ARCH Maximum Likelihood (BFGS / Marquardt steps)
Covariance specification: Diagonal BEKK

Sample: 3/11/2013 12/30/2022

Included observations: 2560

Total system (balanced) observations 12800

Disturbance assumption: Student’s t distribution

Presample covariance: backcast (parameter =0.7)

Convergence achieved after 166 iterations

Coefficient covariance computed using outer product of gradients

Coefficient Std. Error z-Statistic Prob.

Variance Equation Coefficients

C(1) 3.20E-06 4.49E-07 7.129920 0.0000
C(2) 3.36E-07 1.62E-07 2.072185 0.0382
C@3) 9.83E-07 1.88E-07 5.231725 0.0000
C4) 7.69E-07 1.72E-07 4.468411 0.0000
C(5) 9.56E-07 1.85E-07 5.166735 0.0000
C(6) 2.80E-06 4.68E-07 5.989880 0.0000
C(7) 5.19E-07 1.59E-07 3.266758 0.0011
C(8) 9.09E-07 1.73E-07 5.256625 0.0000
C(9) 4.10E-07 1.58E-07 2.595816 0.0094
C(10) 2.36E-06 2.84E-07 8.290501 0.0000
C(1n 2.99E-07 1.65E-07 1.812828 0.0699
C(12) 1.40E-06 1.97E-07 7.094735 0.0000
C(13) 1.56E-06 3.05E-07 5.126462 0.0000
C(14) 3.05E-07 1.50E-07 2.030475 0.0423
C(15) 2.19E-06 3.12E-07 7.006752 0.0000
C(16) -0.125341 0.016342  -7.669787 0.0000
c(7) -0.103410 0.018743  -5.517242 0.0000
C(18) 0.122088 0.020632 5.917395 0.0000
C(19) 0.216609 0.012950  16.726606 0.0000
C(20) 0.001447 0.016067 0.090066 0.9282
C21D) 0.232222 0.016800  13.822440 0.0000
C(22) 0.294899 0.017309  17.037734 0.0000
C(23) 0.403367 0.019685  20.490925 0.0000
C(24) 0.088511 0.023494 3.767348 0.0002
C(25) 0.291216 0.012907  22.562992 0.0000
C(26) 0.963770 0.003440  280.173253 0.0000
C27) 0.955326 0.004807  198.747910 0.0000
C(28) 0.937575 0.004643  201.934903 0.0000
C(29) 0.968054 0.003304 292.984813 0.0000
C(30) 0.967900 0.002506  386.302788 0.0000
t-Distribution (Degree of Freedom)
C@30D 7.615984 0.399976  19.041115 7.79E-81
Log likelihood 42666.179253  Schwarz criterion -33.237921
Avg. log likelihood 3.333295 Hannan-Quinn criter. -33.283056
Akaike info criterion -33.305098 Schwarz criterion -33.237921
S.E. of regression 0.072212 Sum squared resid 159.219867
Squared resid 0.002214 Durbin-Watson stat 1.986721

TABLE XX: MGARCH(1,1) TARCH(1) Diagonal BEKK Summary
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Covariance specification: Diagonal BEKK

GARCH =M + A1*RESID(-1)*RESID(-1)’*A1 + D1*(RESID(-1)*(RESID(
-1)<0))*(RESID(-1)*(RESID(-1)<0))’*D1 + B1*GARCH(-1)*B1

M is an indefinite matrix

Al is a diagonal matrix

D1 is a diagonal matrix

B1 is a diagonal matrix

Transformed Variance Coefficients

Coefficient Std. Error  z-Statistic Prob.

M(1,1) 3.20E-06  4.49E-07  7.129920  0.0000
M(1,2) 3.36E-07 1.62E-07  2.072185 0.0382
M(1,3) 9.83E-07 1.88E-07  5.231725  0.0000
M(1,4) 7.69E-07 1.72E-07  4.468411  0.0000
M(L,5) 9.56E-07 1.85E-07  5.166735  0.0000
M(2,2) 2.80E-06  4.68E-07  5.989880  0.0000
M(2,3) 5.19E-07 1.59E-07  3.266758 0.0011
M(2.4) 9.09E-07 1.73E-07  5.256625  0.0000
M(2,5) 4.10E-07 1.58E-07  2.595816  0.0094
M(@3.3) 2.36E-06  2.84E-07  8.290501  0.0000
M@3.4) 2.99E-07 1.65E-07  1.812828  0.0699
M(3.5) 1.40E-06  1.97E-07  7.094735  0.0000
M4.4) 1.56E-06  3.05E-07  5.126462  0.0000
M@4.,5) 3.05E-07 1.50E-07  2.030476  0.0423
M(5.5) 2.19E-06  3.12E-07  7.006752  0.0000
AlI(L1) -0.125341  0.016342  -7.669787  0.0000
Al(2,2) -0.103410  0.018743  -5.517242  0.0000
A1(3.,3) 0.122088  0.020632  5.917395  0.0000
Al(4,4) 0.216609  0.012950 16.726606 0.0000
Al(5.5) 0.001447  0.016067  0.090066  0.9282
DI(L,1) 0.232222  0.016800 13.822440 0.0000
DI1(2,2) 0.294899  0.017309 17.037734  0.0000
DI1(3.3) 0.403367  0.019685  20.490925 0.0000
D1(4,4) 8.85E-02  2.35E-02  3.767348  0.0002
D14.4) 8.85E-02  2.35E-02  3.767348  0.0002
DI(5.,5) 2.91E-01 1.29E-02 22.5630  0.0000
B1(1,1) 9.64E-01 3.44E-03 280.173  0.0000
B1(2,2) 9.55E-01  4.81E-03 198.748  0.0000
B1(3.3) 9.38E-01  4.64E-03 201.935  0.0000
B1(4.4) 9.68E-01 3.30E-03 292985  0.0000
B1(5.5) 9.68E-01 2.51E-03 386.303  0.0000

TABLE XXI: Diagonal BEKK Covariance Specification and Transformed Variance Coef-
ficients
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