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Abstract
We propose a novel risk measure that is built on comparing high-frequency time-
varying volatility and low-frequency return spillover estimates. This measure permits
to identify the markets that are epidemic in their complex interdependence. We con-
jecture that initially a highly volatile market experiences episodes of risk transmission,
but only later absorbs risk and becomes an epidemic market. Moreover, we can detect
newly emerging ‘contagion’ in the system. We examine the behaviour of 30 global
equity markets and compare spillover measures, which encapsulate many large and
small crises episodes. Instead of relying on ex post crisis information, our model iden-
tifies crises periods. An important implication of the proposed approach is that highly
interrelated markets, such as China, are less likely to transmit a global economic crisis
under the current interdependence setting.

Keywords Systemic risk · Signed spillover · Contagion · Interdependence

JEL Classification C3 · C32 · C45 · C53 · D85 · G10

1 Introduction

The multiple crises of the last two decades provide an ideal testing ground to iden-
tify systemic risks facing global equity markets. Understanding systemic risks using
empirical tests on contagion, spillovers and financial networks has been a long stand-
ing research question. While the literature stretches back as early as King et al. (1994)
on spillovers and Allen and Gale (1998) on contagion, the empirical literature on
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networks and financial spillovers is more recent. Allen and Gale (2000) and Gai and
Kapadia (2010) evaluated network effects within the financial sector, while Acemoglu
et al. (2015) showed how real economy shocks can become the source of crises that
spread dramatically via financial interconnectedness as ‘fragility’, affecting other-
wise ‘robust’ networks. Empirical representations show how the networks themselves
change over time, between calm and crisis periods, and with the development and
growth of emerging financialmarkets (Billio et al. 2012;Khandani et al. 2013;Demirer
et al. 2018a). The changing nature of the links between those institutions can be con-
sidered a measure of contagion (Dungey and Gajurel 2015), while the links between
spillovers and networks are highlighted in Diebold and Yılmaz (2014) via forecast
error variance decompositions providing a single index of system’s vulnerability. This
paper overcomes the limitations of the DY vulnerability index by highlighting vulner-
ability via newly proposed identification approaches using the signed return spillover
index (Dungey et al. 2017b) complemented with a novel signed volatility spillover
index.

We investigate risk transmissions in the global equity market using the Diebold and
Yilmaz (DY) connectedness index,1 the multivariate historical decomposition (MHD)
index (Dungey et al. 2017b) and we propose a novel signed volatility decomposition
(SVD) that helps extracting ‘contagion’ by identifying ‘excess volatility’ spillover
matrices.

This paper makes several contributions into the literature. First, we propose a risk
matrix that identifies sources of ‘contagion’. Then,we provide a rationale regarding the
recent surge in speculation around crisis sources, and explore whether there is enough
evidence aligning with these postulations. We examine if China is a potential source
of crisis as suggested in Engle (2018), Akhtaruzzaman et al. (2021).2 We produce
evidence that it is unlikely that China is a source of financial contagion. Finally,
we address some key questions that have long puzzled researchers. Can we identify
excessively contagious markets out of sample taking into consideration their degree
and dynamics of systemic connections? How different are contagion patterns in more
recent times compared to earlier periods? Can we disentangle large contagion waves
driving global economies towards a potential crisis? Identifying potential sources of
‘contagion’ and patterns underpinning contagious markets will allow regulators to
take timely action attenuating the exposure of domestic markets to a large-scale crisis.

We also investigate changing dynamics in the risk transmission and in the resilience
matrices, especially during the global economic slowdown as a direct result of Covid-
19 pandemic.

1 Yilmaz et al. (2018), Demirer et al. (2018a, b), Yilmaz (2017), Diebold et al. (2017), Diebold and Yilmaz
(2015) and Diebold and Yılmaz (2014).
2 In Akhtaruzzaman et al. (2021), the authors produce evidence of China transmitting contagion to South
Asia compared to the USA, considering trade intensity, economic downturns, and negative net equity
capital outflows influencing dynamic conditional correlations (DCC) between US/Chinese and South Asian
financial stock returns. However, Syriopoulos et al. (2015) disputes efficacy of DCC models quoting that,
‘despite the attractive properties of the DCCmodel, empirical estimation and interpretation can be seriously
constrained by complexities due to excessive parameter requirements, biased estimates and convergence
limitations over the estimation process, especially whenever additional exogenous variables are introduced
into the conditional mean and variance specifications’.
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A primary objective of this paper is to show that signed risk measures are better
suited to model crises then popular DY risk measures. It examines market dynam-
ics across all episodes of crisis and compare the derived signals with actual events
juxtaposed against popular DY risk measures. Such comparison concentrates out the
degree of misidentification if crisis modelling is reliant on a single framework, and
more than one framework may not only complement each other’s findings but also
reduce the gaps in the outcome. Hence, this objective addresses that running multiple
important risk analysis frameworks simultaneously may have important implications
in understanding both the degree and direction of crisis and in better modelling of cri-
sis episodes. This is even more interesting as the global economies have significantly
slowed down facing the Covid-19 pandemic. It warrants investigation if a Covid-19
pandemic and the economic downturn emerging in response have significant impact
on systemic connections and how the popular DY model responses differently to the
signed risk model.

A secondary objective of this paper is to detect excessively contagious markets in
the past and newly emerging contagious markets using a single framework. A major
gap in the extant literature is the effects of ‘interdependence’ are often enveloped
within the potential effects coming from ‘contagion’ and as such are not well studied.
This gives rise to a bias resulting from heteroscedasticity and often leading to failure
in adopting a proper policy response to an imminent crisis. Interdependence bears less
negative connotation compared to contagion, and the voluminous literature simply fails
to incorporate major perspectives in crisis studies. This has resulted in an abundance
of incomplete crisis examinations. Among the 124 papers reviewed in the taxonomy
of Seth and Panda (2018), only 4 mention contagion, interdependence and integration.

Simultaneous increase in volatility facing a crisis is often wrongly attributed as
resulting from contagion. It is because such amplifications in risks pertain to interde-
pendence and overcast the effect of contagion for a particular market. An important
significance of the current paper is that we propose a tractable novel approach that
separates contagion effects out of effects due to interdependence, yet offers better
crisis demarcation without prior knowledge on crisis.

More recently, Dungey and Renault (2018) relying on Forbes and Rigobon’s (2002)
findings showed how to distinguish contagion from interdependence. Dungey and
Renault (2018) suggested that swings in the volatility of common factorsmay transpire
from reasons pertaining to ‘source’ or ‘target’ markets and may induce simultaneous
volatility jumps.The evolutionof innovations in one entity that is immediately reflected
in another when a crisis does not precede and as such may not pertain to contagion.
However, a crisis period co-movement in volatility requires careful exploration, as
volatility in the common factor of a ‘target’ itself may overcast the effects coming from
the ‘source’. In our work, we adopt a combined yet simpler approach considering the
nexus between two issues anddistinguishingmarketswith different levels of contagion.

In the current paper, we define ‘contagion’ as the difference between return spillover
and realised volatility spillover. This allows us to identify if risks emanating from a
market are purely due to a swing in the local volatility factor or if it is a response to
a shock in the network. Moreover, ‘contagion’ identified in this approach allows us
to separate out a long term ‘contagion’, and the dynamics for the ‘more contagious’
markets do not shift with every past, current and future crisis episode. Hence, allowing
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us a ‘contagion’ identification that does not require re-estimation with every crisis
periods.

A novelty in our method is that crisis demarcation is not a necessary condition for
contagion identification, unlike earlier methods.We do not need to concur with Forbes
and Rigobon (2002) in knowing the crisis and calm periods to separate contagion
from interdependence. We support the work of Dungey and Renault (2018) while
progressing the current tenet by identifying the more contagious markets from the less
contagious or not contagiousmarkets with a single approach. This is a key contribution
to the current literature investigating the real time evolution of contagion and, by
extension, the early warning literature.

Our results also allow us to focus on the potential risks of crisis and the emergence
of China as an important conduit market as outlined in a number of studies. 3

We identify the most crisis-prone markets and explain how the effect of innovations
in these markets is different from the less crisis-prone markets. We examine the shock
transmission dynamics in the global markets facing the Covid-19 pandemic.

Finally, five key arguments concerning the time-varying nature of systemic risk
estimates leading to the detectionof crisis transmissionpatterns are addressed. First,we
examine whether policy interventions that restrict significant transmission paths help
interconnected financialmarkets to dealwith shocks. Second,wefind that the changing
interactions between markets result in changing patterns of shock spillovers. Third,
we examine whether it is possible to detect which markets are more shock resistant
in the sample period from 1998 to 2020. Fourth, we determine if a parametric signed
identification approach can be used as an extension to theDY identification approach of
return spillovers. Fifth, we examine if signed realised volatility identification approach
can better identify ‘excess volatility’ in an interconnected system and help separating
out excessively contagious markets.

The remainder of the paper proceeds as follows. Section 2 discusses a history
of crisis episodes across the global equity market. Section 3 presents the empirical
framework concerning GVD, static and dynamic networks, MHD and SVD. Section 4
outlines the dataset, consisting of 30 equity markets. This section also presents the
filtering method and descriptive statistics on filtered data. Section 5 discusses the
empirical results based on ‘system-wide connectedness’, before following on to the
dynamic analysis and MHD measures explaining the effect of positive and negative
shocks in the sample markets. We compare the results of MHD with SVD in this sec-
tion. We discuss identifying ‘contagion’ and a subsection dedicated to ‘risk dynamics
during Covid-19 pandemic’. Section 6 presents the conclusion to this paper.

2 Literature review

A key statement in the voluminous literature, which has generated several avenues
of discussion regarding crisis control, is the heightening of integration resulting from
modern globalisation, which is what causes contagion and systemic failures; see, for

3 Elliott (2017), Doff and Mullen (2017), Quijones (2017), Mauldin (2017), Friedman (2016) and Jolly
and Bradsher (2015).
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example, Atsalakis and Valavanis (2009), Bisias et al. (2012), Chinazzi and Fagiolo
(2015), Benoit et al. (2017), Silva et al. (2017), Seth and Panda (2018).

It is important to understand that connectedness measures at large do not indicate
risk transmission, but identifies the degree of systemic connections, in our case, across
borders. Systemic risk transfer within borders may not lead to a full scale crisis, but
risk transfer across borders, as Brunnermeier et al. (2016) suggested, may indicate
a diabolic loop, or as highlighted in Farhi and Tirole (2017) a deadly doom loop
creating a large scale crisis. While contagion measures may capture only the volatility
spillovers as suggested in Masson (1998), Khan and Park (2009), Bekaert et al. (2013)
that may emerge with large shocks spilling over onto the neighbours corresponding
to an event, that is not likely be a systemic event (Dungey and Renault 2018). Hence,
it is crucial to discuss the connection between systemic risk and financial contagion
networks.

A second issue that has emerged from the extant literature is the imprecise iden-
tification of the constituents of a crisis (Romer and Romer 2015). What constitutes a
crisis may range from asset price decline, bank run-on or, even institutional bankrupt-
cies. In Silva et al.’s (2017) analysis of the systemic financial risk literature, a major
issue found was the tendency to identify this phenomenon with banking crises (Silva
et al. 2017). Further, Field (2003) found that this tendency was an underlying cause of
many previously ineffectivemacroprudential responses, suggesting thatmacropruden-
tial monitoring based on SIFI-centred risk identification only aggravated a systemic
crisis. This concern is further reflected in the limited definition of systemic risk that the
ECB (2009) produced as ‘one perspective is to describe it as the risk of experiencing
a strong systemic event. Such an event adversely affects a number of systematically
important intermediaries or markets’(p.134). It is important to detect the connections
SIFIs and capital markets’ role in crisis generation.

We believe the issue of financial crisis require a balanced combination of arguments
across streams of studies concerning financial crisis, financial contagion, systemic risk,
equity and banking risk argument.

2.1 Contagion and systemic risk

Common shocks spilling out of origin and spanning across multiple sectors may build
into a crisis. Systemic risks endowed within multiple sectors do not lead to cascade if
there is no contagion and liquidity is well diversified. A pronounced rise in systemic
risk may lead to credit risk transfer between sectors forming contagion. Contagion
further exacerbates risk transmission as a conduit and a large-scale crisis may unearth.
Systemic risk and contagion may go hand in hand in forming a crisis. A key issue in
the current context is concentrating out the tipping point in shocks manifesting into
crisis.

To understand this better, let us consider Allen and Carletti (2006) explaining risk
transfer between banking and insurance sector that may or may not lead to crisis gen-
eration. Credit risk transfer between these two sectors is beneficial to welfare if there
is uniform demand for liquidity, but is detrimental facing idiosyncratic risk. For crisis
to manifest in terms of interdependence, the precept for both banking and insurance
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sector is to manage long- and short-term assets across different contingencies, despite
operating differently. Also, let us consider two contingencies, when both sectors have
common demand for liquidity against when the sectors do not have common demand
for liquidity. In autarky, the sectors having no interplay subjects the insurance sector
to systemic risk, but banking sector less so. For the case of banks having common
demand for liquidity facing no idiosyncratic risk, credit risk transfer is beneficial for
welfare. For the case of banks having common demand for liquidity, but apart from
facing idiosyncratic liquidity risks, credit risk transfer may not remain beneficial. In
both the cases, a crisis is not manifest despite the sectors reaching crisis points. Conta-
gion acts as conduit for systemic crises across insurance and banking sector and back
to insurance sector leading to Pareto reduction in welfare. In the context of incomplete
markets and plunging asset prices, contagion across many illiquid markets leads to a
worsening spiral, involving many financial institutions. However, market exposure to
each other depends more on the strength of their own institutional and economic fun-
damentals. ‘Spillover’ and ‘contagion’ are coined to address excessive co-movements
of asset returns preceding a crisis due to unidentifiable sources of shocks.

There is a significant increase in the number of studies centred around contagion.4

However, only a fraction defines contagion and interdependence separately, and less
so attempts to distinguish the terms empirically. This is partly due to a lack of tractable
framework that does not require nesting of multiple methods. The hypothesis under-
pinning ‘Interdependence’ having a lesser negative connotation then ‘contagion’ or
‘systemic risk’, and as such are less conspicuous in empirical techniques. To postulate
that we can gauge one without considering the other simply draws us further away
from the objective of finding ways to fend off a crisis. Seminal work from Forbes
and Rigobon (2002) distinguishes ‘interdependence’ and ‘contagion’, and proposes
a widely accepted definition. Forbes and Rigobon (2002) suggests that in the case
of two markets, countries or entities explicitly showing co-movements during calm
periods will not be considered contagious despite amplifying co-movements and crisis
engulfing both indices. It is contagion, when such co-movements are triggered facing
a widespread crisis only. Key to this insight is the simultaneous volatility increases
underpinning the increases in cross-correlation between factors. The bias is a result
of heteroscedasticity and if untreated gives spurious identification. Hence, in all tur-
bulence the gyrations in cross correlation index are erroneously dubbed as contagion.
In similar spirit, albeit in a different framework Duffie et al. (2009) and Darolles and
Gourieroux (2015) distinguishes frailty from contagion. This, in fact, explains why
contagion identification is abound in the current tenet of studies. Earlier, the implica-
tions of such spurious identification of contagion are highlighted in Billio and Pelizzon
(2003).

Piccotti (2017) argued that there exists a symbiotic relationship between contagion
and systemic risk (financial contagion defines the spread of market disturbances and
poses a potential threat for economies by attempting to integrate with international
financial system. This also explains the extent to which a local crisis may propagate
across neighbours and warrants investigation beyond real economic factors. Con-

4 Seth and Panda (2018) produces a taxonomy of contagion that spans the articles publishing from 1990 till
2015, encapsulating 151 papers among which only 4 concentrates on contagion, spillover and integration
nested together.
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versely, systemic risk suggests the risks that exist within a system of nodes comes
from the strength of these nodes). Endogenous credit and capital constraints turn non-
systemic risks into systemic risk as crisis propels through different markets followed
by a reinforcing cycle. Additionally, crisis propagation brings about temporal changes
to aggregate elasticity of temporal substitution affecting asset prices in different mar-
kets (Holmstrom and Tirole 1996, 1997; Kiyotaki and Moore 1997; Longstaff and
Wang 2012; Elliott et al. 2014; Shenoy and Williams 2017). Hence, financial conta-
gion increases all costs, as the marginal utility of consumption is negatively affected
in the short term for long-term investors. Consequently, investors short-term holding
time preference attributes a higher price to contagion (Van Binsbergen et al. 2012,
2013; Belo et al. 2015). Drawing a distinction, Piccotti (2017) suggested that financial
contagion may positively affect the marginal utility of consumption corresponding to
assets with a longer holding period, subsequently decreasing contagion costs while
generating higher returns for risk-takers. Fernández-Rodríguez et al. (2016) define
interconnectedness as a bridge between two crucial visions, ‘pure contagion’ and
‘shock spillover’. We are provided with an ideal natural experiment to investigate the
degree to which existing systemic riskmakes a givenmarket more contagious. In other
words, we aim to identify if high-risk spillovers are positively associated with spikes
in contagion.

2.2 Banks or equity markets?

Notably, since the 2008 credit crisis several restrictions were imposed on banking
securitisation, especially in advanced economies. The Association of Financial Mar-
kets in Europe reported significant reduction in the securitisation activities, especially
for the USA and European banks (AFMEA 2017). Evidently, this has impaired the
capital and profitability of these banks as indicated by for International Settlements
(2018). Mersch (2017) presented an account of attempts to revive risk transfer in
capital markets, especially in USA and European economies, by providing a natural
experiment to recover the changes in the risk transfer dynamics for these economies.

The 2008 crisis has also driven the central banks to enforce both measures to
enhance liquidity provisions and interbank loan freezes for commercial banks against
the fear of an untenable build up and unwinding of systemic risk within the interbank
loan networks (Georg 2013). Banks face a stochastic supply of deposits and interbank
loans that link the banks, ensuring there is a continuing buffer of credit among them:
this is the key to banking operations. While such static interbank loan networks form
the money market, Haldane (2013) defined these interbank networks as robust, yet
fragile, suggesting that interbank networks work on a knife’s edge. Moreover, static
networks work well for maintaining liquidity provisions by enhancing liquidity allo-
cation and risk share between depository institutions, and they are an intrinsic part
in the globalisation of banks (Battiston et al. 2012; Ladley 2013; Gai and Kapadia
2010). Conversely, interbank networks amplify shocks for all participants and face the
insolvency of a strongly connected participant. Acharya and Bisin (2014) defined such
externality as a counterparty risk externality that fuels cascading defaults in banks, oth-
erwise known as interbank contagion. Acharya and Bisin (2014) further suggests that
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a similar effect arises from one bank’s holding numerous other banks’ assets. A corre-
lation externality arises when common shocks rip through all parties in an interbank
loan market due to the common holding of sub-prime assets sourced from default-
ing banks. Therefore, the fundamental banking activities are the source of untenable
cycles of shock transmission, coupled with securitisation or shadow banking which
provides a potential means for a downward spiral. However, the contribution of each
participant disproportionately contributes to each trigger event and crisis propagation,
and trying to gauge a generalised index of risk from these banks often leads to aber-
rations in outcomes. For more recent and important studies in this domain, we refer
to Fry-McKibbin et al. (2021) and Bratis et al. (2020).

Allen and Gale (1998) presented an interesting perspective to explain the crucial
link between banks and equity markets, and policy direction geared towards impeding
the growth of crisis in both sectors. A classical view sources crisis from ‘mass hys-
teria’, in which investors’ panic due to an impending crisis is analogous to sunspots
(Kindleberger 1978). These extraneous ‘sunspot’ panics emit from speculations and
lead to self-fulfilling scenarios. Fearing a bank’s failure to fulfil its commitment leads
to a synchronised withdrawal that drains the bank of liquidity, leading to bank failure
and crisis precipitation. Alternatively, policies blunting the initial panic ensures there
are few full withdrawals, resumes confidence in the bank’s commitment and dampens
any further panic. Allen andGale (1998) suggested that an ‘optimal allocation’ of risks
is obtainable if bank runs are allowed within a controlled scenario. Banks shed risks
into asset markets to stimulate cash flow. Facing a downturn, banks liquidate capital
market assets that, in turn, forces asset prices down. Hence, if intervention strategies
are simply geared towards preventing a capital market collapse, a Pareto improvement
is observed in the banking sector, which satisfies the self-fulfilling prophecy. In this
way, banking interventions can be a tool used to protect a few large banks from a
cascade, and capital market interventions may protect the economy. In this regard,
examining banking sectors for systemic risk-led crisis generation is investigating the
wrong facet of the problematic.

This dichotomy is reflected in the tenet of studies identifying sources of crisis. The
ubiquity of systemic stress across multiple sectors in the unfolding of a crisis makes
it arduous to look for a unique sector reflecting the dynamics of crisis. Intuitively
analysing the systemic banking connections identified by earlier studies has led to
discourse in capturing the dynamics of boom-bust cycles. Evidently, there is strong
interconnection between systemic risk propagation in banking and in stock markets.
Myers (1977) asserted that fearing run-ons, banks naturally siphon off large, collat-
eralised debts, which effectively devalues all common equities built into similarly
constructed debt portfolios. A systemic decline in equity indices indicates widespread
systemic banking declines. While investigating unprecedented losses in the long/short
equity hedge funds during theUSAquantitativemeltdown of 2007 followed by coordi-
nated deleveraging of equity market-neutral portfolios, Khandani and Andrew (2011)
surprisingly found indications of macrostress building and shifting patterns in equity
price expectations. Apparently, signs of distress across many sectors are more effec-
tively gauged using equity market systemic risk analyses.

An increasing number of commentators give credence to this notion. Hanson et al.
(2011) evinced that declines in equity indices are directly connected to forced liqui-
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dation of similarly constructed debt portfolios in the banking sectors. A resulting fire
sale triggers a twin crisis, which then merges micro-level downturns into a complete
economic downturn. Diamond andRajan (2011), Shleifer andVishny (2010) and Stein
(2010) found unerringly positive similarities between equitymarket fire sales and bank
credit crunches. In effect, classic bank run-on is indistinguishable from a stock market
crash (Gorton and Metrick 2012; Covitz et al. 2009). Further, the rapid accumulation
of credit bubbles spurs macroeconomic vulnerabilities and systemic connections in
equity markets, which provides a perfect platform for modelling crisis (Dungey et al.
2020; Krishnamurthy and Muir 2017; Alan and Alexi 2014; Adrian and Shin 2009;
Reinhart and Rogoff 2009).

Most recently, Syllignakis and Kouretas (2011) asserted that institutional investors
shifting investment preferences from stocks and bonds to treasury bills, with the
preceding investment withdrawal from institutional to investor-managed, emerging
market hedge funds and private equity by investors as the USA subprime crisis
unfolded exacerbated crisis transmission and contagion in the emerging Eastern
European markets. Evidently, connectivity between emerging and European export
dominant countries had resurfaced, especially with Germany, Russia, the UK and the
USA (Syriopoulos 2007; Lucey andVoronkova 2008; Syllignakis andKouretas 2010).
This warrants a complete investigation into the shift of contagion preferably in equity
markets.

3 Empirical framework

We apply DY, MHD and signed volatility decomposition (SVD) approaches to a large
panel of international equitymarkets. TheDYprovides a profile of increasing spillover
effects between the markets across the sample period, highlighting periods of change
in the intensity for these effects. However, the DY is limited in identifying the direction
of contemporaneous risk measures. MHD analysis enhances the DY by identifying
linkages between markets that amplify or dampen shocks and, further, how the system
of markets fluctuates around the average relationship by accumulating shocks over
time. MHD helps discerning negative in-shocks from positive out-shocks with signs.
SVD analysis complements MHD by calibrating the model with innovations from
realised variance estimates put into an impulse response framework. For the DY anal-
ysis, we use a rolling window of 100 days. The results are robust to different rolling
sample sizes and data frequencies.

TheDYprovides information on the direction and size of spillovers, while theMHD
provides the direction, size and sign, that is, whether the linkages dampen or amplify
shock transmission. We calibrate the MHD further by the estimating signed index
with realised variances, and separate out the self-exciting transitory signed volatility
evolution from the signed return spillovers with our proposed signed volatility decom-
position (SVD). This approach can be considered as an extension of vulnerability and
transmission representations with MHD.
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3.1 Diebold andYilmaz spillover index (DY)

Diebold and Yilmaz (2012) proposed a VAR forecast error variance decompositions
(FEVD) to computeDY spillover indices. The FEVDmatrix is termed as the adjacency
matrix (or ‘connectednessmatrix’). Across the rows and down the columns all possible
connections between the VAR variables are represented by in-shocks to the targets and
effects of out-shocks to potential recipients.

Consider a VAR(p) of the form5

xt =
p∑

i=1

ϕi xt−i + εt , (1)

where xt is the return vector xt = (
x1.t,....xN .t

)′, ϕ is a N × N parameter matrix and
εt represent residuals. The moving average representation of VAR(p) from (1) is

xt =
∞∑

i=0

Aiεt−i, (2)

where,

Ai = φ1Ai−1 + φ2Ai−2 + . . . + φP Ai−p.

Diebold and Yilmaz (2009) propose using the H-step-ahead forecast error variance
decomposition (GVD) that is constructed from VAR (see Koop et al. 1996) to circum-
vent the order dependence issue. Following the work of Pesaran and Shin (1998), we
denote this GVD by θ

g
i j (H) and that gives

θ
g
i j (H) =

a−1
j j

∑H−1
h=0

(
e

′
i Ah

∑
e j

)2

∑H−1
h=0

(
e

′
i Ah

∑
A

′
he j

) , (3)

where the co-variance matrix is
∑

and a j j is square root of error variance of jth
equation and in the ith element, Ah is the moving average coefficient from VAR and
e j is a selection vector of ones.

Now
∑N

j=1 θ
g
i j (H) �= 1. However, after normalising, the rows in the FEVDmatrix

are defined as

˜θ gi j (H) = θ
g
i j (H)

∑N
j=1 θ

g
i j (H)

, (4)

in which we get
∑N

j=1
˜θ gi j (H) = 1 and

∑N
i, j=1

˜θ gi j (H) = N .

5 An intercept is suppressed for simplicity and without loss of generality.
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The static spillover are computed by taking the sum of off-diagonal elements as
proportion of sum of all elements, representing system wide connectedness. Notably,
the directional spillover index identifies the return spillover of all other markets to
market i

Si←all (H) =
∑N

j=1, j �=i θ̃
g
i j (H)

N
× 100. (5)

The return spillover from market i to the other markets is given by

Si→all (H) =
∑N

j=1, j �=1
˜θ gji (H)

N
× 100. (6)

Pairwise directional connectedness identifies gross shock transmission to and from
the markets as

Sgi (H) = Sgi . (H) − Sg.i (H) . (7)

3.2 Multivariate historical decomposition (MHD)

MHD, pioneered by Dungey et al. (2017a), provides a signed contribution of shocks
from one to another market that captures the dampening effects. Here, the connected-
ness elements measured with Bi j explain the fraction of variation of i due to shocks
in j at time t (excluding self-loops in a network).

Building on the VAR defined in equation (1) the generalised historical decomposi-
tion of j at time t can be used to estimate a signed spillover index. This is presented
as follows:

MHDt+ j =
j−1∑

i=0

IRFi � Et+ j−i +
∞∑

i= j

IRFi � Et+ j−i , (8)

where Et+ j−i = [
εt+ j−i , ...εt+ j−i

]
is an N × N residual matrix. IRFs’ are one

unit impulse responses (non-orthogonalised) and � is the Hadamard product. The
estimatedMHD provides an N ×N matrix providing signed in-shocks across the rows
and signed out-shocks down the columns of the matrix. This approach accommodates
the nonlinear dynamics of the data.

MHD permits to estimate signed weights of shocks throughout the channels, as a
function of impulse responsesweighted by residuals εt . The system uses unconditional
variance estimates as innovations for the impulse response estimates and, as such, is
considered to represent signed spillovers in the returns.

3.3 Signed volatility decomposition (SVD)

Now the SVD is proposed by extracting spillover information drawn from realised
variances associated with volatility transmissions within a network. We take the dif-
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1414 R. Islam, V. Volkov

ference between return and volatility spillovers to identify whether a particular market
is driven more by intrinsic volatility than by risks emerging from the network.

Moreover, we consider a nonparametric approach to estimate SVD, which follows
the same algorithm as MHD. Unlike MHD computed from daily returns, we compute
MHD from realised variance drawing from 5-min intervals in prices and, as such, the
historic decomposition is depicted as SVD.

We begin by calculating intraday log returns with rt,i = log(Pt,i ) − log(Pt,i−1).
Next, we compute squared returns for each 5-min interval and sum them up to find
daily realised variances as

RVt =
N∑

i=1

r2t,i

SVD is computed from using the estimates of RVt in Eq. (8). To identify contagion in
the associated network from volatility of common factors localised to a given market
we simply take the spread between SVD and MHD:

Spreadt = SVDt − MHDt ,

which is used in the empirical analysis section.

4 Data

The data are daily dollar denominated stock returns from 30 developed and developing
countries’ markets across Asia–Pacific, Europe, the Americas and the Middle East.6

The beginning of the sample corresponds to the Asian financial crisis period. Daily
returns are generated from price indices for 1 January, 1998, to 15 June, 2020. Global
economies endure 15major crisis periods and severalminor turmoilswithin the sample
periods as outlined in Table 1.

Taking natural logarithms of the data, we transform price to returns data.We further
use a two-day moving average filter, removing time zone effects as in Forbes and
Rigobon (2002).

We use a balanced sample of 30 financial markets in this paper.7 We classify the
markets into export crisis (EC)markets (i.e. leaders in commodity export), oil exporters
into both emerging (OEE) and developed (OED) markets, European markets that have
been directly affected by the Greek crisis (GIIPS) of 2010 onwards and high-yield
Asia–Pacific markets directly affected by the Asian crisis (AC) of 1997–1998. We
also include in the OED group the so-called conduit markets of the USA and Japan
(BIS 1998; Baur and Schulze 2005). Table 1 provides the classification of the markets
into five clusters, which is a common presentation in the literature.

6 The data are sourced from Thompson Reuters, and we follow the mnemonics indexed in Pukthuanthong
and Roll (2009).
7 Australia, Austria, Belgium, Canada, Chile, China, France, Germany, Greece, Italy, India, Iraq, Ireland,
Israel, Japan, Kuwait, Malaysia, NewZealand, Nigeria, Norway, Portugal, Russia, Saudi Arabia, Singapore,
South Korea, Spain, Sri-Lanka, Thailand, the Philippines, the USA and the UK.
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Table 1 Countries by analytical group

Exporters Commodity exporters Oil exporters Greek crisis Asian crisis Conduit countries

EC CE OE GIIPS AC CC

Australia Australia Canada Italy Australia Japan

China Canada Ecuador Spain China USA

Chile France Iraqa Belgium India

Germany Japan Israel Greece Malaysia

Nigeria New Zealand Kuwait Ireland Philippines

Norway UK Nigeria Portugal Singapore

Russia Saudi Arabia South Korea

Saudi Arabia Venezuela Sri Lanka

South Korea USA Thailand

aUsing Pakistan as a proxy market

Table 2 provides a brief description of each of these events along with the broad
dating conventions.
Discussions concerning properties of asset returns dominate in both the current and
early literature. Among early studies, Fama (1976) suggested that daily asset returns
series are more non-Gaussian than are shorter frequency return series. Addition-
ally, Cont (2001) emphasised persistence and nonlinearity, while Stărică and Granger
(2005) focused more on non-stationarity inherent within stock returns data.

Recently, Joseph et al. (2017) classified stock returns as non-Gaussian and time
varying, with smooth compact support over low-frequency spectral content. Others
suggested that the daily stock returns data are negatively skewed, nonlinear, noisy and
volatile (Joseph and Larrain 2008; Atsalakis and Valavanis 2009; Joseph et al. 2011;
Kremer and Schäfer 2016; Zhong and Enke 2017). It is crucial to use appropriate
filtering and transforming techniques for better detection and decoding of cycles in
source data.

Of the relevant studies examining prediction, Zhou et al. (2012) supported on the
dissent in theory and practice regarding asset returns. Only the pre-possessing of
returns circumvents such misalignment, as suggested by Joseph et al. (2016, 2017),
Atsalakis and Valavanis (2009) and Zhong and Enke (2017). A central context of data
pre-processing with filtering is there is no discord in its importance in the relevant
studies investigating returns (Joseph et al. 2017).

Finally, Smith et al. (1997) suggested that despite its simplicity as amethod,moving
average filters do much better compared to other digital signal processing techniques,
such as single pole. Precisely, moving average handles discrete time series in a subtle
manner (Smith et al. 1997).

Within the context of considering raw returns as non-Gaussian, nonlinear, time-
variant random data, the importance of spectrum density/frequency domain analysis
for pre-processing is undeniable. Hence, moving average is the chosen signal pro-
cessing technique here. On another note, ‘spectral windowing’ is important to extract
detectable edges and avoid aberrations caused from discontinuity in the raw data. Nat-
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urally, the chosen window size is 2 in our paper, which is consistent with Oppenheim
and Schafer (2014) and Forbes and Rigobon (2002).

The transform function

a (1) y (n) = b (1) x (n) + b (2) x (n − 1) + ... + b (nb + 1) x (η − ηb)

− a (2) y (n − 1) − . . . − a (ηb + 1) y (η − ηa)

handles both infinite and finite impulse responses. The moving average filter derived
from the rational transfer function allows input of different window size (ws)

y (n) = 1

ωs
(x (n) + x (n − 1) + . . . + x (n − (ωs − 1))) .

Indeed, our pre-processeddata characterisedby the frequency contents of the signals
better detect the periodicity than do the rawunprocessed returns data. Table 3 presents a
selection of statistics for the 30 return indices; including average,minimum,maximum,
standard deviation and Jarque–Bera test results for normality in distribution. The
greatest spread between minimum and maximum is found for Venezuela, Kuwait
and Iraq, all of which have high standard deviations. As is usual for returns normality
is rejected at the 5% significance level. Rather, these indices havemore leptokurtic and
skewed distributions, consistent with the crisis effects throughout the sample period
(Brown and Warner 1985; Fama and French 1988; Kim et al. 1991; Corhay and Rad
1994; Longin 1996). In addition to robustness tests with different rolling windows, we
have examined the possibility of multicollinearity in residuals. We found correlation
coefficients to be null and insignificant in the residuals, ruling out the possibility of
loss of consistency in our estimation outputs.

In the following section, we present a comparison in the estimates gauged fromDY,
MHD and SVD. Note that, while DY and MHD estimates are computed drawing on
data from the complete sample size from January 1998- June 2020, the MHD–SVD
spread draws on from 5min interval prices for September 2009 until September 2017.8

5 Empirical results

In this section, we discuss the empirical results obtained from the DY, MHD and SVD
methods (see Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and
21). A detailed explanation of the amplifying and dampening transmissions and vul-
nerability is also presented in Tables 4 and 5. The empirics of the study covers multiple
methodologies across multiple sample classifications. While a concise description of
the observations from analysis is discussed, a more detailed comparative description

8 Due to the limited availability of 5-min interval prices for important South Asian countries, such as
Singapore, we trim the data down to fit vector sub-spaces within the specified matrix space, for all other
vectors retaining Singapore. For similar reasons, we also remove Middle Eastern markets. We include
Mexico in the sample, as it represent an important, emerging oil exporting market. We do not extend the
data to fit Covid-19 period in the identification of ‘contagion’.While the identification of ‘contagion’ during
Covid-19 is not a major concern for this paper, as we have identified the dynamics in excessively contagious
markets remaining consistent for decades, it might present a scope for a future study to investigate this issue.
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Table 3 Descriptive statistics

Descriptive statistics USA AUS IND JAP MYS NZL SGP

Min − 6.629 − 8.364 − 9.852 − 8.239 − 19.017 − 5.406 − 8.848

Max 6.202 8.107 10.783 6.618 17.587 5.138 8.071

Median 0.049 0.069 0.106 0.037 0.022 0.062 0.047

Mean 0.018 0.021 0.038 0.009 0.019 0.017 0.026

Standard Deviation 0.817 1.026 1.244 0.965 1.105 0.832 0.993

JB test p Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Critical Value 5.951 6.008 6.043 6.015 5.986 5.992 5.983

PHL KOR SLK THA NIG VEN KWT

Min − 8.23 − 12.50 − 9.95 − 10.25 − 17.09 − 145.75 − 62.81

Max 13.890 12.320 11.797 15.888 6.777 20.320 62.554

Median 0.044 0.000 0.000 0.029 0.000 0.008 0.0043

Mean 0.024 0.044 0.025 0.034 0.007 − 0.003 0.012

Standard Deviation 1.181 1.514 0.858 1.321 1.129 3.557 1.871

JB test p Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Critical Value 6.019 5.975 5.987 5.988 6.005 5.995 5.996

IRQ SAU CHN ISR CAD GRC PRT

Min − 41.219 − 10.573 − 7.863 − 6.253 − 9.432 − 10.350 − 7.060

Max 40.780 7.914 6.493 6.506 7.828 8.331 7.494

Median 0.000 0.008 0.020 0.063 0.084 0.064 0.039

Mean 0.027 0.022 0.036 0.028 0.019 − 0.012 − 0.008

Standard Deviation 2.508 1.013 1.243 0.986 0.985 1.523 1.041

JB test p Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Critical Value 6.003 5.948 6.010 5.996 6.012 5.964 5.986

IRL AUT RUS NOR GER CHL UK

Min − 11.500 − 7.505 − 16.801 − 10.805 − 6.706 − 6.202 − 9.703

Max 5.901 8.191 13.811 7.301 7.104 8.321 7.112

Median 0.0702 0.0701 0.0602 0.071 0.071 0.052 0.043

Mean 0.011 0.021 0.021 0.0161 0.021 0.032 0.015

Standard Deviation 1.061 1.011 1.809 1.258 1.141 0.821 0.941

JB test p Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Critical Value 5.981 5.971 5.971 6.031 6.031 5.941 5.951

for each methodologies across each sample classification is discussed in detail in
Table 4 for risk transmissions and in Table 5 for risk receivings.

The analysis holds for two fundamental principles.
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1. First, a common phenomenon that largely holds is that big transmitters are gen-
erally more susceptible to global contagion shocks and that propagation of crisis
with contagion is one-directional.

2. Second, in identifying ‘contagion’ from an aggregate risk assessment, our eco-
nomic prior is that for the markets in which locally induced volatility swings
together with spillover, the increases coming from interconnection amplify the
aggregate risk estimates, which reverts the market to a steady state by releasing
excess risks onto others. Hence, in times of excess volatility, markets are more
epidemic in nature.

Next, we discuss comparisons by market blocks (see Table 4): Asian crisis (AC),
Export crisis (EC), Greek crisis (GIIPS), Oil exporting developed (OED) and Oil
exporting emerging (OEE) countries’ markets.

India, Singapore and Thailand in the AC cluster are highly susceptible to their own
market shocks, but this holds less so for Malaysia, South Korea and the Philippines.
While many past studies have contended (including our DY estimates) that Malaysia
and thePhilippines aremore resilient for not beingdeeply connected to global networks
as others (Raghavan and Dungey 2015), our MHD estimates further suggest the latter
set of markets receive strong shocks in major events. As given in Figs. 1, 6, 11, 16
and 21, we suggest that the Indian, Malaysian and South Korean markets are more
vulnerable to globally induced contagion than are the rest. The transmission estimates
uphold this phenomenon by depicting these markets as low transmitters that are highly
vulnerable to an epidemic in the holistic network. As Thailand, Singapore and the
Philippines remain more susceptible to local volatility, unsurprisingly they emerge as
strong transmitters as they release ‘excess volatility’ to other peripheries (see Tables 4
and 5). This ‘excess volatility’ refers to the accumulation of instantaneous self-exciting
stochastic volatility in excess of volatility spillovers coming from the network itself.

Simultaneous volatility changes in common factors with large-scale events often
pollute the degree of actual spillovers as suggested in Dungey and Renault (2018). In
Figs. 2, 7, 12, 17 and 21 we identify risks generated out of interconnections in the
network from localised volatility changes for the EC (i.e. Germany, Chile, France,
China, the UK and Australia) market cluster with MHD–SVD spread. We identify
that Germany, Chile and the UK are predominantly more vulnerable to instantaneous
transitory spikes in volatility, polluting the actual degree of shocks received from inter-
connections within the network. Consistent with the principle of high spreaders being
less susceptible to vulnerability coming from a global contagion, the UK and France
turn out to be high transmitters of crisis, especially during the GFC and eurozone
crisis. For Australia, transmissions are triggered strongly with ‘excess volatility’ and,
as such, it is highly vulnerable to epidemic shocks in the network. As opposed to
Dungey and Renault (2018), who suggested Germany does not suffer from the same
market reassessment risk as major markets and is distanced from other connections,
we find Germany and China are highly susceptible to crisis received from other mar-
kets with ‘excess volatility’ most recently. Consequently, this indicates the degree of
systemic risk found within these markets is due to contagion. At the onset of the Chi-
nese and export crises, the heightened volatility in the German and Chinese market
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starts spilling excessive risks onto others, resulting in amplified transmission in the
network as laid out in the second principle.

In comparing DY and MHD, we find MHD rejects DY’s depictions of Germany
and France as the highest spreaders of crisis. Despite occasional spikes in resilience
responding to major global events spanning our sampling periods, Germany remains
more vulnerable to crisis coming fromcontagion than does France or theUK.Whilewe
may attribute the degree of transmissions coming fromFrance as neutral to dampening,
the UK is largely a spreader with strong resilience to contagion.

Figures 3, 8, 13, 18, and 21 depict that the GIIPS countries’ (i.e. Greece, Italy,
Ireland, Portugal, Spain) markets are very sensitive to events contributing to global
contagion. These markets are less characterised by local shocks and the shocks gener-
ated in the neighbouring nodes, except for Greece and Belgium. However, the MHD
measure selects Greece and Austria as becoming more resilient as the eurozone crisis
subsides, while Portugal and Ireland become more vulnerable. This can be attributed
to investments moving out of Greece and Belgium and into Portugal and Ireland, mak-
ing the latter deeply connected. Moreover, MHD captures Croatia remaining strongly
resilient to shocks across the periods spanning our sample, which DY fails to detect.

Our transmission estimates for GIIPS countries and the transmission vulnerabil-
ity mechanism are in line with what we provided in the first principle. As Portugal
becomes more vulnerable to global contagion more recently, it is of no surprise to find
that Portugal and Ireland transmit stronger shocks in the past. This suggests Portu-
gal and Ireland remain deeply connected with the other peripheries since before the
GFC. Moreover, with dropping vulnerability coupled with ‘excess volatility’, Croatia
emerges as a strong transmitter during the eurozone crisis.

Figure 21 shows the volatility jumps unique to Greece and Ireland, in which the
excess vulnerability also sets off network transmissions to other markets. In contrast,
transmissions emerging from Portugal and Austria that correspond to excess vulner-
ability are coming from volatility and, hence, are short-lived. Notably, there is little
risk of spillover over-identification for Belgium and Croatia.

The figures concerning OED countries’ (i.e. the USA, Canada, Russia, Norway,
Japan and New Zealand ) markets depict that stochastic local volatility predominantly
affects the vulnerabilities of the USA, Norway andMexico (Figs. 4, 9, 14, 19, and 21).
In fact, the recent degree of risks stemming from the USA and Russia is emanating
mostly from ‘excess volatility’. In contrast, exceeding return spillovers following the
onset of export crisis for Norway, Japan and New Zealand suggests these markets are
especially contagious. The spread falls for Canada and, very recently, for Mexico,
suggesting the spillovers in these markets are driven less by local volatility and more
by their dominance in the holistic network.

Taking a more granular view with our MHD and DY comparison, the Japanese
and New Zealand transmissions provide further reassurance as to the nature of these
markets’ vulnerabilities. Japanese volatility transmission is depicted as contagion
transmission, which corresponds with Japan emerging as a highly connected mar-
ket out of its long-lasting economic stagnation in early 2000. Neutral to dampening
volatility transmissions stemming from the USA, but also a curving up of its trans-
mission swings with a shifting regime, gives credence to BIS (1998) suggestion that
both the USA and Japan are ‘conduits’ for contagion transmission. Conversely, the
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upheavals in the global oil market influence the nature of New Zealand’s contagion,
more so than for other global events.

Comparing DY and MHD estimates, we further find that the USA and Japan are
more susceptible to contagion risk transmissions than to the degree of risks they
transmit themselves. The exaggeration of risk susceptibility is overlain with risks
transpiring within, especially for the USA and Japan. Moreover, dismissing what is
gauged from DY estimates regarding Russia, MHD substantiates Russian resilience
spanning across the entire sample period. Additionally, Russian transmissions pick up
in all major events. To a much lesser extent, this holds true for Norway as well.

Finally, turning to OEE countries’ (i.e. Saudi Arabia, Israel, Iraq, Kuwait, Nigeria
and Venezuela) markets, we conjecture these markets are not at all contagious by
examining Figs. 5, 10, 15, 20 and 21. Although the countries in this cluster dominate
the global oil market, an upheaval in the oil market increases market strength in these
markets. Consequently, they demonstrate strong resilience in phases of price or supply
shocks in the oil market.

In several occasions for the OEE cluster, DY estimates fail to produce convincing
evidence that aligns with MHD. DY fails to capture the amplifications in vulnerability
for Saudi Arabia corresponding to the advent of the GFC and the diminishing systemic
risks emitting from Iraq. MHD captures this successfully. Further, more recently, DY
fails to capture the increases in vulnerability for Venezuela, which is more sensible
given the heightening of the Venezuelan economic crisis, but is depicted in the MHD
curves. With MHD, we disentangle the spikes in volatility transmissions for Kuwait,
which naturally responds to the Iraq invasion and oil supply shock. In both cases,
confidence build-up occurs dramatically in the Kuwait market. Again, DY fails to
capture the dampening of Nigerian systemic risk transmission with the oil price crash
following the Iraq invasion. On balance, we provide evidence ofMHDbetter capturing
larger effects on the economy than DY.

In Sects. 5.1 and 5.2, we discuss the insights into a global economic crisis facing the
Covid-19 pandemic. The insights are generated using proposed methods in the current
paper, andweprovide a rationale regarding the recent surge in speculation around china
as a potential crisis source and explore whether there is enough evidence aligning with
these postulations. Due to the strong connection between speculations around these
areas of discussion, it is reasonable to argue that our models simultaneously focus on
the following two related areas of study.

5.1 Covid-19 and crisis transmission

The Covid-19 trends are nested with parent risk dynamics presented in
Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10. From the DY dynamics, spikes emerge during June
2019 financial year for India, Malaysia and Thailand that dampens in June 2020. The
Philippines transmission is consistently high since 2018, which has also slowed down
recently. The South Asian crisis markets show extreme vulnerability since 2018 that
has spiked again recently. South Koran transmission was relatively controlled, while it
remained highly vulnerable. However, MHD demonstrates a consistently high trans-
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mission from South Korea, as opposed to DY. This unveils an increasingly risky South
Asian market dynamics since 2018.

In contrast, as we shift our attention to global exporters, DY shows China remain-
ing both high transmitter of shocks and yet the most vulnerable, similar to France.
While Australia and the other major global exporters demonstrate a dampening shock
transmission, vulnerability spikes since the beginning of the 2020 financial year. With
MHD analysis, we uncover that China and Germany show negative vulnerability in
the 2020 financial year. On the other hand, UK and Australia both exhibit a spike in
both transmission and vulnerability to shocks from other stock markets.

Turning to GIIPS, interestingly, with DY we identify vulnerability drops for all
except for Italy, while Greece and Ireland remain the highest transmitter of shocks in
the most recent years. MHD detects a recent positive spike in vulnerability for Greece
and Ireland, while significant positive spikes in vulnerability for Portugal and Spain
are detected with MHD.

With DY, the developed markets demonstrate increasing vulnerability, that is espe-
cially true for the USA, Norway and Japan in 2020. In contrast, Russian resilience
increases significantly during the same time. However, the results do not change with
MHD for Japan. However, The USA and Canada depict a dampening in vulnerability
in 2020 fiscal year and a decreasing Russian resilience.

The Middle eastern markets, especially the Saudi Arabia, Venezuela and Kuwait,
show similar trend to the SouthAsianmarkets withDY,which demonstrates increasing
vulnerability. Interestingly,withMHD,wedetect negative vulnerability for themarkets
in Saudi Arabia, Kuwait and Iraq, with strong transmissions from these markets.

Overall, the markets mentioned above do not show aberrations to their risk trans-
mission patterns identified prior to the grisly economic reality emerging with the
Covid-19 scenario. Therefore, a drastic change in ‘contagion’ transmission dynam-
ics is not expected. A detailed transmission and vulnerability pattern for the above
markets can be found in Tables 1 and 2.

5.2 Identifying ‘contagion’

A key contribution of the current paper is ‘contagion’ identification in the pool of
markets from interconnection, for which crisis demarcation is not a necessary condi-
tion. While all interconnections and amplifications in the systemic risk that is found
within this sample markets do not lead to contagion, contagion poses the unique threat
of a financial pandemic. Hence, contagion is a necessary condition for a widespread
crisis to ensue. We propose a tractable and simple technique to identify excessively
contagious markets while the condition remains dynamic. Thus, a key question at this
stage is, ‘How diabolic is a contagious market today compared to the past?’ In other
words, are we going to experience a global meltdown similar to that of the GFC if a
crisis is triggered from a contagious market?

From Fig. 21, we separate out Singapore, China, Australia and Japan as more
contagious markets than the rest, especially in more recent times. Despite observing
that the 2016 Chinese stock market crash sends shocks tumbling globally, the carnage
is not as pronounced as in the GFC.
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The models presented here shows that the Chinese stock market crash unfolding in
January 2016 sets off a global rout, dragging down the stocks across the USA, Ger-
many and rest of Europe and Brazil to 2 to 3%. Chinese economic growth plunges to
25-year low. Leading up to this, speculations and warnings reflected engendered fears
of a global meltdown, including warnings issued by the International Monetary Fund
(Mauldin 2017; Liang 2016; Mao 2009; Elliott 2017; Cheng 2017). The Chinese
authority responded by imposing new trading curbs and devaluing currency. While
commentators, including the China Securities Regulatory Commission, blamed surg-
ing speculation and irrational investment behaviour for sourcing the crisis,Mao (2009)
suggested that the colossal shadow banking industry was responsible for heightening
the risks in the Chinese markets much earlier. Presumably, potential risks are predom-
inant in the shadow banks in China, which have quadrupled at an annual rate of 34%
since 2008, and at that time the size of the Chinese shadow banks (US $8 trillion) is
equal to 4.3% of Chinese GDP (Mao 2009). Liang (2016) asserted that the burgeoning
shadow economy, amidst the goal of boosting productivity against an overall drop in
the labour market, posed a high risk to the financial stability of China given its current
regulatory framework.

We do not experience a replay of the 2008 GFC. Recently, Dungey et al. (2020)
provided evidence of no new systemic crises emerging from China to other global
markets given the resurgence in systemic risk. While our study purports to identify
sources of crisis, the case for China is particularly interesting. Generally, the results
capture a unique case of shadow banking and securitisation. There is a plethora of
studies showing bank securitisation leads to higher systemic risks, while increasing
bank profitability and ensuring a buffer of liquidity for the bank (Adrian and Shin
2009; Uhde and Michalak 2010; Nijskens and Wagner 2011; Nadauld and Weisbach
2012; Georg 2013; Battaglia et al. 2014; Bakoush et al. 2019). Although securitisation
allows banks to shed their own idiosyncratic risks into financial markets and confirms
a buffer of liquid assets coupled with higher profitability, a vicious cycle forms as
banks’ exposure to credit risk intensifies. The shadow banking industry is evolving
to retain risks while pursuing regulatory arbitrage by means of retaining rollover
risks pertaining to maturity mismatch. These pose a significant threat for the sponsors
assuming these risks. In effect, conduits are attributed with systemic risk involving
commercial banks, insurance institutions and equity market components. This also
explains the USA or other advanced markets posing no significantly new threat in
recent times, partly because the post-2008 credit crisis saw several restrictions imposed
on banking securitisation, particularly in advanced economies. The Association for
Financial Markets in Europe (2017) reported a significant reduction in securitisation
activities within 10 years, especially for the USA and European banks. Evidently, this
has impaired the capital and profitability of these banks, as suggested by the Bank for
International Settlement (2018).

Moreover, we do not observe a re-emergence of global meltdown from China or
other contagious markets because of the structural differences between cross-border
capital diffusion to what was occurring with the USA during the GFC. Shirai and
Sugandi (2018) reported that HongKong, Japan and Singapore are themajor financiers
of cross-border capital in the Asia–Pacific economies. While Singapore has the largest
financial centres and is also the largest equity investor to the People’sRepublic ofChina
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(PRC), Japan, Republic of Korea (ROK), and others in the Association of Southeast
Asian Nations, Japan invests largely in Australian debt securities. Conversely, Hong
Kong invests mostly in the equities issued by the PRC.

Issuing US$3.5 trillion cross-border portfolio assets, Japan’s exposure to the Asia–
Pacific region ismostly throughAustralia (US$572billion) andvice versa.Despite this,
theAsianBond Funds administered andmanaged by banks for international settlement
exclude Australia, Japan and New Zealand. The Asian Bond Funds ABF1 and ABF2
were introduced to develop the sovereign and quasi-sovereign bondmarkets dominated
by the USA dollar and local markets, respectively. However, these countries are the
main pathway for theUSAandEU to invest in the region.Hence, 60%of the total shares
issued in the USA and EU forms the cross-border portfolio for Japan, Australia and
the ROK in the region establishing a strong bridge between the continents. Singapore
is the largest investor in shares issued by the USA and EU. While the cross-border
portfolio assets of Hong Kong, China, sum up to US$1.1 trillion, its portfolio shares
mostly concentrate on the PRC (50%) followed by the Association of Southeast Asian
Nations-5 (37%). The USA and EU shares constitute only 24% of the cross-border
portfolio trading in Hong Kong, China. Hong Kong invests US$404 billion in the
PRC-issued shares, compared with US$235 billion by Japan and US$218 billion by
Singapore. Hong Kong has only US$99 billion invested in USA assets and US$165
billion invested in EU assets. In contrast, Australian foreign assets include 42% USA-
issued securities, with only 26% from the EU (Shirai and Sugandi 2018).

In terms of cross-border portfolio liabilities, 73% of Japan’s total cross-border
portfolio liabilities (US$1.7 trillion) are financed by the USA and EU, while the USA
and EU finances 33% and 29%, respectively, of total liabilities of Australia (US$966
billion). Interestingly, while the USA and EU finances 66% of the total cross-border
portfolio liabilities of Hong Kong (US$390 billion), Hong Kong finances 42% of the
total liabilities of the PRC (US$710 billion). As a net debtor of cross-border portfolio
investments to the world, Australia remains highly exposed to the USA and EU,
which account for over 70%. Since 2001, for Japan, Australia also remains its biggest
investment destination, increasing investing into Australia by four times (US$118
billion) in the post-GFC. The foreign portfolio asset and liabilities of Hong Kong and
Singapore exceed that of Japan in the post-GFC, and for Hong Kong these grow by
157% and 142%, respectively (Shirai and Sugandi 2018).

In summary, as highly contagious markets, Japan and Singapore are not causing
widespread crisis, as no crisis is revealed in thesemarkets, or in theUSA or EU inmore
recent times. In fact, the restrictions applied in the USA securitisation induce calmness
in these markets. Hence, we are also observing calmness in the Australian markets.
However, given the degree of exposure to each other and connectivity between these
markets, a large enough shock in any of these markets may destabilise the other. In
contrast, Hong Kong, China, concentrates investments mostly in the PRC. As both the
economies are part of the PRC, this creates a closed-circuit transmitting wealth within.
This is also a reason why the 2016 crash was absorbed mostly within the circuit and
did not turn diabolical, despite having all the potential. In fact, this allows the central
Chinese authorities to apply new restrictions, such as short selling bans or bans on
stock investments as appeared in 2015, without inciting a global response.
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6 Conclusion

In this paper, we have identified excessively contagious and more volatile markets
relying on time-varying systemic risk in an associated network of markets. We began
by exploring the transmission of risks and vulnerability to risks spanning across the
sample period of nearly 20 years with DY returnmeasures (DY), a well-knownmethod
proposed by Diebold and Yilmaz (2012). Next, we estimated return spillovers with
signed spillover measures computed with MHD proposed recently by Dungey et al.
(2019) and concluded that signed spillover measures capture all or more information
than DY spillover measures. Third, we estimated signed volatility transmissions and
vulnerabilities computing from MHD and drew on realised variances from 5-min
intraday returns. Finally,weplotted the differences between time-varyingvolatility and
return spillover estimates, which showed the markets that are epidemic in the complex
network structure and themarkets that are endemic in nature but predominantly volatile
with a higher core volatility. Hence, we have addressed the issue of over-identification
in the degree of systemic risk, which the markets emit in calm and crisis periods

We found that misidentification of contagion issues is prevalent when explaining
risk transmissions and the build-up of market resilience across time with the DY
spillover method only. We addressed these issues by re-estimating systemic risks
with MHD. In the absolute representation of time-varying DY spillover measure,
we found that DY spillover overestimates the level of actual resilience building for
South Korea, the Philippines, Singapore, Germany, China and Israel. This measure
also overestimates the degree of risk transmissions coming from Iraq, Venezuela,
the USA (prior to the GFC) and, more recently, Nigeria and Greece. While the DY
underestimates Greek, Croatian and Russian resilience building in recent years, it also
underestimates the risks emanating from Kuwait, South Korea and Germany. Severe
changes in market micro-structure corresponding to profound economic degradation
is rather misrepresented as resilience building with DY for its absolute representation
of spillovers. We found this holds for both Iraq and Venezuela. The signed spillover
estimates captures the convergence in the swings of systemic risks as the economies
in both the countries collapse.

We showed the separated influence of stochastic local volatility as opposed to the
actual degree of systemic risks within a market. First, a market is not likely to be
transmitting shocks and remain vulnerable at the same time. Moreover, during high-
risk transmissions, markets turn more resilient or vice versa. However, it is more likely
that high transmissions lead to a phenomenal increase in vulnerability for the market
to negative in-shocks transpiring within the network. Second, in the amplification of
total risk generation with the accumulation of self-exciting intraday local volatility
added to systemic risks coming from the network, markets respond by casting off
‘excess volatility’ onto others. In other words, it is likely that a highly volatile market
gives strong episodes of risk transmission at the start of an event without becoming an
epidemic market. Nevertheless, such spikes may accompany a fall in the local market,
as outlined in Bates (2019).

Complementing the work of Dungey and Renault (2018), our technique identified
the degree of systemic risks free of simultaneous volatility increases accompanying a
rise in volatility in common factors and may have various contributions to the field of
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economics and machine learning. First, it may enable managers of risk to better rebal-
ance portfolios, parsing information concerning epidemic and non-epidemic elements
in the portfolio. Supervisors may find it useful to understand risks coming with big
links, and to target issues amplifying risks. Machine-learning enthusiasts may find it
interesting to feed forward networks ofmarkets scaledwith proper degrees of systemic
risk indices. Further, Bayesian priors can be generated weighted with amplifications
and dampening in signed risk estimates, and predictability of market risks can be
improved. In all, the methods combined not only serve a purpose by producing com-
parisons, but produce better information regarding a market’s susceptibility to realised
crashes and volatility evolution.

We attempted to explore complex market associations spanning across the last
two decades, encapsulating major global events across many markets including the
ongoing global economic crisis as a direct result of Covid-19 pandemic. The markets
were selected to represent dynamic shifts that each subsequent event provides andwere
then grouped into a closed system. As with the precursors of systemic risk studies,
limitations arose from the limited intraday data availability for the Middle Eastern
markets. However, we substituted with additional markets that depicted a similar
pattern. Alternatively, a target should be an investor sentiment analysis corresponding
to risk patterns, leading to a better understanding of strong amplifications in risk
propagation.

Fig. 1 Asian crisis markets—DY analysis
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Fig. 2 Export crisis markets—DY analysis

Appendix
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Fig. 3 GIIPS markets—DY analysis

Fig. 4 Oil exporting developed markets—DY analysis
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Fig. 5 Oil exporting emerging markets—DY analysis

Fig. 6 Asian crisis markets—MHD analysis
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Fig. 7 Export crisis markets—MHD analysis

Fig. 8 GIIPS markets—MHD analysis
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Fig. 9 Oil exporting developed markets—MHD analysis

Fig. 10 Oil exporting emerging markets—MHD analysis
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Fig. 11 MHD and SVD vulnerabilities: Asian crisis market. Note: This figure shows the signs of in-shocks
sourced from the Asian crisis countries’ markets to targets listed in the AC cluster gauged in signed spillover
index and the signed volatility index

Fig. 12 MHD and SVD vulnerabilities: export crisis market. Note: This figure shows the signs of in-shocks
sourced from export crisis countries’ markets targets listed in the EC cluster gauged in signed spillover
index and the signed volatility index
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Fig. 13 MHD and SVD vulnerabilities: Greek crisis market. Note: This figure shows the signs of in-shocks
sourced from Greek crisis countries’ markets targets listed in the GIIPS cluster gauged in signed spillover
index and the signed volatility index

Fig. 14 MHD and SVD vulnerabilities: oil exporting developed countries’ markets.Note: This figure shows
the signs of in-shocks sourced from oil exporting developed countries’ markets targets listed in the OED
cluster gauged in signed spillover index and the signed volatility index .
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Fig. 15 MHD and SVD vulnerabilities: oil exporting emerging countries’ markets. Note: This figure shows
the signs of in-shocks sourced from oil exporting emerging countries’ markets targets listed in the OEE
cluster gauged in signed spillover index and the signed volatility index

Fig. 16 MHD and SVD transmission: Asian crisis countries’ markets. Note: This figure shows the effects
of out-shocks sourced from Asian crisis countries’ markets to recipients listed in the AC cluster gauged in
signed spillover index and the signed volatility index
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Fig. 17 MHD and SVD transmission: export crisis countries’ markets. Note: This figure shows the effects
of out-shocks sourced from Export crisis countries’ markets to recipients listed in the EC cluster gauged in
signed spillover index and the signed volatility index

Fig. 18 MHD and SVD transmission: Greek crisis countries’ markets. Note: This figure shows the effects
of out-shocks sourced from Greek crisis countries’ markets to recipients listed in the Greek crisis cluster
gauged in signed spillover index and the signed volatility index
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Fig. 19 MHD and SVD transmission: oil exporting developed countries’ markets. Note: This figure shows
the effects of out-shocks sourced from oil exporting developed countries’ markets to the recipients listed in
OED cluster gauged in signed spillover index and the signed volatility index
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Fig. 20 MHD and SVD transmission: oil exporting emerging countries’ markets. Note: This figure shows
the effects of out-shocks sourced from oil Exporting emerging countries’ markets to recipients listed in the
OEE cluster gauged in signed spillover index and the signed volatility index

Fig. 21 The SVD-MHD spread: this SVD-MHD spread figure focuses out contagious markets from non-
contagious markets by drawing on estimated differences between the MHD and SVD gauges
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