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ABSTRACT
The aim of present paper is to provide a simple and intuitive measurement for screening the financial market health. We
scrutinize how each nation was vulnerable to financial risk contagion in the propagation of crisis during the recent financial
crisis, adopting the pivotal algorithm, PageRank, from network science methodologies. The new measurement, denoted as
Vulnerability Index (VI) captures the vulnerability of a nation. Further, we prove the usefulness of our new measurement.
Our findings report that Vulnerability Index has the explanatory power of each nation’s vulnerability to the Great Financial
Crisis and the European Debt Crisis from 2007-2013. Utilizing this index will help the policy makers to assess the nation’s
financial market health in the international financial markets before the outbreak of the actual crisis.
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1. Introduction
What will be the possibility of a person to catch an unfamiliar type of flu? As it is unfamiliar, the
unexpectedness is all that accounts for the possibility. The only way to smoothly going through the flu pandemic
is to receive medical check-ups regularly to find the physical weakness of ourselves. As many people were not
used to regular check-ups, the disease was contagious as it possibly can be during the year 2009. If only people
had taken great care to their health status, the casualty could have been reduced. The same works for the
financial market. (Although personification should be hindered, we intend to explain our research by this
analogy which will facilitate the comprehension). The financial market can suffer from the detrimental financial
crisis which paralyzes the routine functions of the market. Therefore, this paper attempts to offer a new
measurement for the regular medical check-up of each nation’s financial market. We intend not to delve into the
preceding indicators of the financial contagion nor do we intend to find the reasons why the financial market get
“infected” to the financial risk. The pivotal purpose of this paper is to provide some measure like albuminuria
when considering diabetes, a measure that is simple and intuitive.
The recent financial crisis, due to its unexpected diffusion to international financial markets, was treated as a
“black swan”, unexpected and unknown. The reason we could not foresee the upcoming events was because of
the complexity of the network that the world financial markets formed over the years of integration. Although
the trading time is different, it is, without a doubt, apt to contend that one financial market has an influence on
another. Since we were not able to capture the complex nature of the linkages between international financial
markets, the time to implement remedies was procrastinated. Spotting this gap, we intend to disentangle the
complex nature of integration of world financial market by adopting network science methodology.
Our focus on the contagion of financial risk from one nation to another is not new as many previous studies
have delved in finding the right measurement for contagion. However, underscoring the iterative nature of
contagion effect is yet to be implemented in extant studies. We apply PageRank analysis on the contagion
mechanism, thereby attempt to find the vulnerability of each nation. We define vulnerability as the influence
that a nation’s financial market receives from the outbreak of the financial crisis. We focus on the ongoing effect
each nation undergoes through the recent financial crisis, rather than merely emphasizing the start of the crisis
or testing whether there was contagion effect from one nation to another for there have been extensive studies
on these issues.
We propose Vulnerability Index (VI), which measures the ultimate influence that each nation receive from
the financial crisis. We obtain the values by making the transitional probability matrix to converge with
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iterations. The underlying intuition is that since the influence a nation has on one another is made
instantaneously, the convergence value after many iterations can well describe the impact that the nation
receives.
Our findings show that VI can expound each nation’s vulnerability in the recent financial crisis from 20072013, encompassing Subprime Mortgage in U.S. and European Debt Crisis. Unlike the semiannual or annual
macroeconomic data that requires much more time to collect, analyze, report and implement some antidote in
policy, aggregated index of a stock market is readily available in daily form. Thus, our VI can be utilized to
describe the status of each nation efficiently.
There are three contributions that we make to the studies of international economics and economic networks.
First and foremost, we suggest a proxy for a nation’s vulnerability to contagion. With the rigorous definition of
contagion garnered from various literature and careful consideration of the iterative nature of contagion, we
implement a new methodology to capture how contagion spreads among the nations. Secondly, although
viewing credit, investment and trade relations in the network is not new, (refer to Schiavo, Reyes, and Fagiolo,
2010; Kali and Reyes, 2007) mere descriptive analysis was done to show how connected a nation is in the
network. Conversely, in the present paper, to exhibit the relative position of each nation in the international
financial network, PageRank analysis is conducted. This allows us to have a comprehensive overview of the
world economy. Thirdly, in a practicality aspect, a nation can prevent the forthcoming crisis that spreads over
the world economy by incessantly analyzing one’s position in the world financial network implementing VI.
In Section 2, we provide an overview of the extant literature with regards to the measurement of contagion,
network analysis as well as macroeconomic variables that the researchers assume to be either an indicator or a
channel of the financial risk contagion effect. The measure for contagion and connectedness utilized in the
present study is described in Section 3. The data used in our analysis is detailed in Section 4 and the results of
our empirical analysis are demonstrated in Section 5. The test on the explanatory power of the proposed index is
conducted in Section 6 and a series of robustness tests are engaged in Section 7. We enumerate limitations and
conclude in Section 8.
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2. Literature review
2.1. Contagion measure
Previous papers have implemented various approaches to measure contagion effect amongst the nations
including copula approach, conditional correlation, factor model and dynamic conditional correlation.
Rodriguez(2007) adopt copulas, which forms marginal distribution functions from a number of multivariate
distribution functions, with Markov switching model to assess financial contagion. Ramchand and Susmel(1998)
use switching ARCH model to capture cross correlation among markets of which variances are state dependent.
They adopt Markov chain framework to specify switch in economic regime from low variance state to high
variance state. Bekaert, Ehrmann, Fratzscher, and Mehl (2012) develop a three-factor model, which include the
US-specific factor, a global financial factor and a domestic factor to benchmark for the global equity market
movement and define contagion as the unexplained part of the factor model. Syllignakis and Kouretas (2011)
use DCC(Dynamic Conditional Correlation) GARCH model to find contagion effect from the US, German and
Russian stock markets to seven Central and Eastern European stock markets. Chiang, Jeon and Li (2007) also
adopt DCC GARCH to confirm contagion effect in Asian markets.
Forbes and Rigobon (2002) define contagion as a structural break in cross-market linkages after a shock to
one country. Implementing the unconditional correlation that they proposed, they conclude that there was no
such ‘contagion’ during 1987 U.S. market crash, the Mexican devaluation as well as the East Asian crisis. Fry,
Martin and Tang (2012) introduce more developed measurements to capture contagion including a generalized
model of the measure proposed in Forbes and Rigobon (2002) and higher moments measures.
Dungey, Fry, Gonzalez-Hermosillo and Martin (2005) compare the correlation analysis of Forbes and
Rigobon(2002), the VAR framework from Favero and Giavazzi(2002), the probability model(to be precise, a
binary probit model) of Eichengreen, Rose and Wyplosz(1996) and the coexceedance model with Monte-Carlo
simulation from Bae, Karolyi and Stulz(2003). The major conclusion of this paper is that Forbes and
Rigobon(2002)’s measurement is more conservative than other measures. They conclude that the adjusted
correlation test is the most conservative test among all tests, as the null hypothesis of no contagion is the most
difficult to reject. Caporale, Cipollini, and Spagnolo (2005) enumerate the advantages of utilizing the definition
of contagion from Forbes and Rigobon (2002). Firstly, the test enables assessing the effectiveness of
international diversification of portfolio during a financial crisis. Secondly, it discerns between two classes of
models about how crises are transmitted across nations: crisis-contingent and noncrisis-contingent model. The
latter claim that transmission mechanism is similar between during the stable period and the turbulent period.
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Furthermore, it offers some insight to the policymakers to prepare for the forthcoming crisis by improving
fundamentals. As adjusted correlation coefficient is the most conservative and offers a number of advantages,
we adopt unconditional correlation coefficients to measure contagion.
Although ample studies have been conducted in measuring contagion, attempts to measure the ultimate
vulnerability of a nation, as the result of transmission of financial risk are lacking. Thus, this paper seeks to
assess each nation’s vulnerability to the propagation of crisis based on contagion measure from Fry, Martin, and
Tang (2012). One interesting assumption in a large body of modeling and empirical work is considering
contagion as a one-way process. Most of the papers do not consider that the contagion is occurring with iterative
nature. As Caporale, Cipollini and Spagnolo (2005) underscore, unconditional correlation test does not
illuminate the nature of transmission mechanism, rather offers a determination on whether there has been a
contagion effect from one nation to another during the financial crisis. To clarify, if US financial market
influences German financial market, then the influence occurs vice versa, with a short interval. Spotting this
limitation, we intend to comprehend the dynamic relations among the nations that took place during the
financial crisis, by adopting network analysis. We adopt a methodology from PageRank algorithm, which is the
central algorithm used in Google to offer users a list of web pages according to the importance.
Unlike Forbes and Rigobon(2002) and Hsiao and Morley (2015), we do not categorize the nations as a
source market and recipient market. We do not define the initial position of a nation as we do not know the true
source market of financial risk, likewise the focus of the present study is on the vulnerability of each nation,
which may be independent from the outbreak of the financial crisis. In other words, we underscore the ultimate
effect a nation receives either from the other nations or form randomly in itself.

2.2. Use of network analysis and network methodologies to measure contagion
Network analysis has been conducted in the field of economics mostly on figuring out the structure of the
network. Kali and Reyes (2007) propose alternative measures of international economic integration. Kali and
Reyes (2010) test how well connected a country is into the global trading system and examine the extent to
which the structure of the international trade network can explain the transmission of crises. The results are that
crisis is amplified if the epicenter country is more integrated into the trade network and target countries affected
by such a shock are able to diversify the risk if they are more integrated into the network. Schiavo, Reyes and
Fagiolo (2010) analyze patterns of international and financial integration using complex network analysis and
assess similarities and differences in real and financial market integration. They found most countries maintain
weak links; yet there exists a group of countries exhibiting a large number of strong relationships, thus implying
a core-periphery structure.
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There have been efforts to implement the network methodologies besides examining the structure of the
network. Studies on systemic risk largely utilize the methodology from network analysis. Billio, Getmansky, Lo
and Pelizzon(2012) adopt network-based measures including the degree of Granger causality, a number of
connections, sector-conditional connections, closeness, and eigenvector centrality to examine the connectedness
among the financial institutions. They find that their measures can soundly identify and quantify financial crisis
period and even hold predictive power.
There is also a study that uses PageRank in order to represent the importance of each nation in trade relations.
Kandiah, Escaith, and Skepelyansky(2015) find that PageRank analysis is more efficient than the export-import
analysis that is usually implemented in the field. Their finding is that Germany’s economy activity from 1995 to
2009 increase while that of Eurozone countries decrease. Battiston, Puliga, Kaushik, Tasca and Caldarelli(2012)
propose DebtRank, that examine the impact of the distress of an initial node across the whole interbank network.
They utilize this measurement in demonstrating the default cascade dynamics. The major difference DebtRank
and PageRank is that DebtRank does not visit the same link once passed in methodological aspect. Another
difference is that the financial network that they investigate is the interbank network.
Simply put, previous studies have been focused on interbank relation when they define the financial network.
Gai and Kapadia (2010) analyze contagion models in financial networks with various types of structure. They
exhibit a robust-but-fragile tendency where the probability of contagion may be low the effects can be
widespread when problems occur. The robust-but-fragile structure is also observed in other studies. Acemoglu,
Ozdaglar, and Tahbaz-Salehi (working) demonstrate phase transition in interbank relations. Their finding shows
that there is a threshold over which phase transition occurs in financial contagion. Cabrales, Gottardi, and VegaRedondo (2014) analyze the trade-off between risk-sharing and contagion. They find the optimal interbank
network structure depends on the distribution of the shock. Four studies above have delved into the structure of
the interbank network whereas Elliott, Golub, and Jackson (2014) examine the effect of diversification and
integration in the cross-holding network. They propose a model to capture the holding amount of the primitive
assets as well as the other firm’s stocks.
Although network science has been adopted in economic network or financial network thoroughly, there still
is a gap that we need to examine in the complex financial network. Firstly, the financial network can be defined
totally differently. Whereas the previous studies examined trade network, interbank network all links of which
are explicitly defined, we can consider implicit relations between agents. In this study, we define such implicit
and subtle relation as the contagion link. Secondly, since we have defined the links different from the extant
studies, we can define the nodes differently as well. Fulfilling the objective of this study to investigate the
6

contagion in the international financial network, we take the perspective of viewing each nation’s stock market
as a node. Thirdly, most of the preceding literatures overview the structure of the network and suggest what type
of network structure stabilizes the overall system; however, what we intend to do in this study is to actually
suggest the policy makers the measure to refer to when establishing an economic legislation. A mere report of
the network structure does not offer people a milestone of which way the national economy should go. Thus, in
this study, we propose a logically built yet simple methodology to measure the susceptibility of a nation’s
financial market.

3. Measures of contagion and vulnerability index
3.1. Assumptions
Before we calculate the vulnerability index, the assumptions underlying should be straightforwardly
understood. First we follow the definition of contagion from Forbes and Rigobon (2002), which referred
contagion as “a significant increase in cross-market linkages after a shock to one country (or group of
countries)”. This allows us to easily capture the financial risk contagion phenomena between nations. Secondly,
we also assume that the information is incorporated in international financial markets instantaneously. Thus any
significant information that affects a nation’s financial market can as well influence other financial markets in
less than a business day.
In addition, the influence that a market has on one another does not end as a one-way process but as continues
as to influence other nations indirectly as well. To illustrate, consider the US market defuse financial risk to
Japan and Germany. Then Japan, which affects Korea and Hong Kong indirectly influence Chile and Brazil,
respectively; whereas Germany influences the UK and Hong Kong also indirectly influence the US market back
and Brazil. Incessant influence between financial markets ultimately leads to a convergence of the influence that
each nation receives from the diffusion of financial risk. Lastly, we assume that a nation can suffer from
financial risk through two ways: the contagion from other nations or random outbreak from inside, perhaps due
to weak fundamentals.
To recap, we strictly follow the four assumptions in this section: (1) the definition of contagion derives from
Forbes and Rigobon (2002), (2) assimilation of information occurs instantaneously, less than a day. This implies
that the financial market is efficient. (3) The influence from one nation to others can be iterative during the
trading hours, (4) there are two channels through which a nation can be influenced by international financial
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crisis. After the empirical test of our index, we will relax some of the strict assumptions to examine whether
there is a change in the index.

3.2. Contagion measure (FR)
There are n nations making up the set N = {1,...,n}. In this section, we intend to establish a n × n matrix that
represent the contagion effect from nation i to nation j, for i, j ∈ N.
We adopt measurement proposed by Fry, Martin and Tang (2012), which is the generalized version of the
contagion measure suggested in Forbes and Rigobon (2002). This measure allows for dependence in each period
and a rise in volatility in the source country. (Fry, Martin and Tang, 2012) The major contribution that Forbes
and Rigobon(2002) made is that since conditional coefficient between markets tends to be overestimated, an
increase in conditional correlation during the crisis should be adjusted. This is due to heteroskedasticy in the
variance of market i. So adjustment is made to the conditional correlation during the crisis period.
We denote the tranquil period as x and the crisis period as y. Then it is clear to note that 𝜌𝑥 refers to the
correlation between two assets during the tranquil period and 𝜌𝑦 refers to the correlation between two assets
during the crisis period. Forbes and Rigobon (2002) adjusted correlation coefficient statistic to test for contagion
from country i to country j is

𝜐̂𝑦|𝑥𝑖 =

𝜌̂𝑦
√1 + 𝛿(1 − 𝜌̂𝑦 2 )

(1)

where

δ=

2
𝑠𝑦,𝑖
2
𝑠𝑥,𝑖

−1

(2)

δ is the relative increase in the variance of i during the crisis period. Although Forbes and Rigobon (2002)
utilize their measurement to test crisis empirically, they admit that there are simple assumptions underlying this
measurement. These limitations are there should be no exogenous global shocks that will suddenly increase the
volatility in nation i and there is no feedback from stock market j to i.
An attempt to remedy such limitations is made by Fry, Martin and Tang (2012), they create a new statistic
from Forbes and Rigobon(2002)’s adjusted sample correlation coefficient as

(3)
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FR(i → j) = (

𝜐̂𝑦|𝑥𝑖 − 𝜌̂𝑥
√𝑉𝑎𝑟(𝜐̂𝑦|𝑥𝑖 − 𝜌̂𝑥 )

2

)

This new test statistics FR(i→j) overcomes the two limitations mentioned above. This allows for dependence
in each period and an increase in volatility in country i. (Fry, Martin, and Tang, 2012). If there exists no
contagion, then the correlation test is asymptotically distributed as
𝑑

FR(i → j) → 𝜒12

(4)

Utilizing this measure allows us to represent contagion occurs between countries with directed and weighted
adjacency matrix. Since there are n countries in our sample, we build a n × n matrix, in which each element
depicts the contagion effect from country i to country j. We denote this matrix FR.
0
⋯
⋮
⋱
FR = [
𝐹𝑅(𝑛 → 1) ⋯

𝐹𝑅(1 → 𝑛)
⋮
]
0

(5)

The estimated FR clearly demonstrates how two nations i, j are influencing each other during the crisis period;
however true contagion effect will reveal if each relation is not due to the mere correlation that is present during
the whole period. In other words, we have to prove that the contagion influence from nation i and nation j are
different from the usual correlation during the tranquil period. Thus, we use chi-square hypothesis testing to
figure out whether the adjusted correlation values are significantly higher than the simple correlation during the
crisis period,
2
𝐻0 = FR(i → j) ≤ 𝜒1,0.1

(6)

2
𝐻1 = FR(i → j) > 𝜒1,0.1

(7)

According to Fry, Martin and Tang (2012), contagion statistics FR(i→j) based on the Monte Carlos
simulations demonstrate that the chi-square asymptotic distribution with one degree of freedom well
approximates the finite sample distribution. Thus, we set the degree of freedom of critical value, 1. For our chisquare distribution hypothesis testing is one-way testing, the significance level is specified as 10% (The critical
value for the chi-square distribution at 10% level is 2.7055). If we reject the null hypothesis, then it is sound to
claim that the adjusted correlation during the crisis period is statistically significant and is larger than the
correlation during the tranquil period. Then we form a new matrix contagion matrix, C as

C𝑖𝑗 = {

2
0.1 − P(FR(i → j) ≥ 𝜒1,0.1
|H),
if we reject 𝐻0
0,
otherwise
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(8)

Matrix C should be a n × n matrix. If the contagion test statistics is larger than the critical value, then we
assign the probability value of the p-value of the contagion test statistics subtracted from 0.1. 1 Although
cumbersome, this computation allows us to capture the intensity of the contagion rather than merely indicating
that contagion occurred. Whereas the previous studies use this contagion test statistics as a litmus to examine the
existence of contagion, (Forbes and Rigobon, 2002; Hsiao and Morley, 2015) we intend to expand the usage to
exhibit how strong the contagion is by linearly transforming the p-value that the test statistics holds.

3.3. PageRank algorithm
We calculate the vulnerability of each nation by finding the importance in the contagion network. In
network analysis, centrality is utilized to capture a node’s importance in a network. If a nation holds high
importance in contagion network, since it has many in-degree links, (Langville and Meyer, 2006) we claim that
this nation is highly vulnerable when compared to other nations in the network.
PageRank, the central algorithm underlying in Google search engine, reflects iterative influences of
contagion between nations (nodes). We employ PageRank analysis for the following two reasons: first of all,
while testing the hypothesis for actual occurrence of contagion, we converted the values to zero when we cannot
reject the null hypothesis. When link weight is zero, it is implausible to calculate eigenvector centrality, which is
a typical measurement to proxy for the importance of a node in a network. (Newman, 2010) Secondly, we
believe that some innate mechanism can exist in the outbreak of contagion that distinguishes from following the
contagion relations between nations. Dornbusch, Park, and Claessens 2000) claim that the occurrence of
contagion can be explained in two conceptual categories. The first category underscores the spillover from the
interdependence between the nations. The connectedness among the nations transmits the effect of the crisis.
The other category attributes contagion to the behavior of investors. Contagion may occur neither through
global shocks, interdependence nor fundamentals. So we attempt to capture such effect by accounting for the
probability that contagion is not transmitted through the transition probability matrix. Thus in order to take
account the effect of an internal spur in contagion, we have to include some factor that weight the probability of
diffusion of contagion.
1

We linearly transform the p-values of the contagion test since the simple rejection with the conventional hurdle 10%, 5%, or 1%
seem naïve. As stated by Gelman and Stern (2006), we social scientists are often making a blunder by considering those
statements with test statistics merely over the critical value as those only meaningful. To illustrate, we regard the value with a pvalue of 0.48 as analogous to a p-value of 0.03, all being termed as “statistical significant”. At the same time, we intend to claim
that a test statistic with a p-value of 0.49 as “statistically significant”, whereas those with a p-value of 0.51 as “insignificant”; yet,
the difference between those two values may be marginal. In order to minimize such error, we intend to subtract the p-value
from the hurdle rate of 10% as a solution to the first problem. However, we could not find a clear solution to the second problem,
which is an ongoing debate called “Null hypothesis significance testing (NHST)” in the field of statistics. Therefore, we adopt the
conventional dichotomization method to reject the values with p-value of greater than 10%, regarding them as the values that
are the results of random sampling.
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In order to capture the instantaneous diffusion of financial risk among countries, we convert contagion
matrix, C into a transition probability matrix Z by dividing each element by the summation of elements in the
same row.

Z=

0

𝐶12
𝑛
∑𝑗=1 𝐶1𝑗

⋮
0
𝐶𝑛1
𝑛
∑
[ 𝑗=1 𝐶𝑛𝑗

⋮
0
𝐶𝑛2
∑𝑛𝑗=1 𝐶𝑛𝑗

⋯

𝐶1𝑛
𝑛
∑𝑗=1 𝐶1𝑗

⋮
0

⋮
0

⋯

0

(9)

]

This is possible with the assumption that present state of a nation’s vulnerability is only dependent on the
previous state, that is, how a nation is impacted by other nations are determined by the state of the market before.
In addition, converting the effect of one organization to another to a Markov chain is not new as it was already
implemented in Billio, Getmansky, Lo, and Pelizzon (2012). They form two-state Markov chain to capture the
relations of the expected return and volatilities between two financial institutions. The interpretation of each
element is a nation i affect nation j with the probability of

𝐶𝑖𝑗
∑𝑛
𝑗=1 𝐶𝑖𝑗

. Then if we let the vulnerability of each

market be 𝜋 𝑇 at time k, then
𝑇
𝜋(𝑘+1)
= 𝜋𝑘𝑇 Z

(10)

All the relevant information at a time (k+1) is represented by the previous state. With additional assumption
that the transition probabilities do not vary over time, the process can be well defined as a Markov chain with
stationary transition probabilities.
With a glance at the example of Z above, it is easy to notice there is a nation that affects no other countries.
This country is a dangling node in the financial risk contagion network, of which the definition is a node with no
outlinks. Thankfully, Page, Brin, Motwani, and Winograd(1998) already confronted such problem in ranking the
web pages by their importance, thereby creating PageRank algorithm. Thus, we follow their methodology by
adopting stochasticity adjustment. This allows us to acquire a new matrix S, which is the combination of the
original matrix Z and a rank-one matrix

1
𝑛

𝑎𝑒 𝑇 , where 𝑎𝑖 = 1 if a nation i is a dangling node and 0 otherwise. S

is indeed stochastic, therefore, is the transition probability matrix for Markov chain.
In order to guarantee convergence, another adjustment should be made, which make the resulting matrix be
stochastic and primitive. To clarify, this allows the state of the nations to converge to some state. In Page, Brin,
Motwani, and Winograd(1998), this is expounded by “teleports”, in which the random surfer just surfs to a new
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page, not following the hyperlinks. The probability the random surfer follows the hyperlink structure is denoted
as damping factor, which is usually denoted as α. In PageRank algorithm, the damping factor is set as 0.85,
probably the result from many trial and errors from experiments. We set the damping factor as 0.8, which
clearly demonstrate the difference between the importance of nodes. In the present study, damping factor can be
interpreted as the probability the vulnerability in one nation is diffused to another nation following the transition
probability matrix Z, which captures the probability of contagion of financial risk from one nation to another.
Those that do not follow such transition probability matrix, financial risk suddenly appears increasing the
vulnerability of the nation, perhaps due to investor sentiments.
So the final matrix, which we denote as G, for we follow PageRank algorithm, resembles the pivotal
algorithm used by Google. Then we reformulate our matrix.
1
G = αS + (1 − α) 𝑎𝑒𝑒 𝑇
𝑛

(11)

To find the vulnerability index of each nation, we calculate the PageRank for 𝜋 𝑇 , which is the set of the
vulnerability index.
𝜋𝑇 = 𝜋𝑇𝐺

(12)

𝜋𝑇𝑒 = 1

(13)

The normalized dominant left-hand eigenvector of G corresponding to the dominant eigenvalue is acquired.
We denote each element in 𝜋 𝑇 as v(i) corresponding to vulnerability index of each nation, for all i ∈ N.

3.4. Normalizing PageRank
PageRank is unstable whenever there is a change in the network structure. Costenbader and Valente (2003)
assess the stability of centrality measures by simulation in which they change the network with decreasing the
sampling proportion of the network. They find that out of eleven measures of centrality, Bonacich’s eigenvector
centrality measure is highly unstable across all sampling levels. Since PageRank is similar to eigenvector
centrality in that PageRank is an eigenvector centrality with constant term and division by out-degree (Newman,
2010), we conjecture that our vulnerability index to be unstable as well if there is a change in the number of
nations.
At the same time, the underlying notion of PageRank is ranking among the nodes within a network. If there
is any change in the network then each node (in the present study, nation) will contain different PageRank
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(vulnerability index) over time. But then, if a nation held a vulnerability index of 3.0 at time t and 3.2 at a time
(t+1), can we soundly contend that there is an increase in vulnerability? This question should be taken with great
concern since we do not know the vulnerability index of other nations. Only within that particular network at
time t or (t+1) is the meaning of vulnerability index maintained. Then how can we compare vulnerability index
over time? And is it ever feasible to conduct arithmetic calculations among vulnerability indices of many
nations?
Fortunately, we can normalize PageRank for each node in a network thereby compare the normalized
PageRank in different networks. Berberich, Bedathur, Weikum, and Vazirgianni s(2007) introduce a simple
method to normalize PageRank. In the PageRank calculation, we mention a damping factor α, which denotes
the probability the financial risk follow the transition probability matrix Z. We use the same notation as we did
before. Let ϵ be the probability of making a random jump. Then the vulnerability index of any node(nation) in
the graph is said to be lower bounded by

𝑣𝑙𝑜𝑤 =

𝜖
𝑁

(14)

which is the vulnerability index of a nation with zero in-degree links. For this does not consider the dangling
nodes, Berberich, Bedathur, Weikum, and Vazirgiannis(2007) modify the lower bound to include a dangling
node.

𝑣𝑙𝑜𝑤 =

1
(𝜖 + (1 − 𝜖) ∑ 𝑣(𝑑))
𝑁

(15)

𝑑∈𝐷

where D ⊆ N, denote for a set of dangling nodes. This lower bound still is the vulnerability index assigned to
a node without incoming links, meaning a nation that is not influenced by financial risk from other nations.
Then normalization is done as

𝑣̂(i) =

𝑣(𝑖)
𝑣𝑙𝑜𝑤

(16)

In Berberich, Bedathur, Weikum, and Vazirgiannis(2007), this measure is stated as follows: “In contrast to
non-normalized PageRank scores that correspond to visiting probabilities on the graph and thus depend on its
size, the normalized PageRank scores convey how much more likely a node is to be visited than a node having
least possible importance.”(Berberich, Bedathur, Weikum, and Vazirgiannis, 2007) We reinterpret the meaning
of the normalized vulnerability index as the likelihood of getting financial risk compared to a nation that has the
least effect from the financial risk contagion. Normalization does not hurt the initial meaning of our
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vulnerability index, yet it offers more power for us to compare different graphs. This substantially increases the
usage of the vulnerability index, as now we can easily compare the index over time. It is also noteworthy to be
aware that adding another node to the network does not change the order of node regarding vulnerability index.
So it keeps robustness regardless of the number of nodes in the network.

4. Data
Due to data availability in banking relations, 35 nations are included in the dataset. For financial data, we
collect daily closing price for each nation’s representative index in local currency from Datastream from 2000 to
2013. Since each nation is denoted in abbreviations in result tables, Appendix A. provides the list of nations
included in the sample data. After calculating returns, to adjust for the different opening time of stock markets,
we take the rolling average, two-day returns for each country’s aggregate stock market index. We adopt similar
methodology as that used in Forbes and Ribogon (2002) and Hsiao and Morley (2015).
Considering serial correlation in stock returns, we adopt a VAR model to extract the data that cannot be
explained by mere time trend. Let n nations make up the set N = {1,...,n}.
𝑅𝑡 = 𝜙(𝐿)𝑅𝑡 + 𝑧𝑡

(17)

where 𝑅𝑡 is the two-day rolling average return of a stock market i ∈ N. The parameter vector of 5 lags2 is
captured by 𝜙(𝐿); whereas the part of the return unexplained by the past returns is in the vector of residuals.
We utilize 𝑧𝑡 to estimate adjusted correlation coefficient statistic.
We specify the tranquil period and crisis period as done in Hsiao and Morley (2015). Hsiao and Morley (2015)
define the start of the recent financial crisis (e.g. the Great Financial Crisis, GFC) as the 26th of July in 2007,
applying a regime-switching model to the equity returns data. The tranquil period is defined as January 11, 2000,
through July 25, 2007. The crisis period is from July 26, 2007, to October 26, 2013. This overcomes the
limitation that Forbes and Rigobon(2002) face as they arbitrarily divide the tranquil period and crisis period.
Adopting the definition of contagion from Forbes and Rigobon (2002) as a sudden increase in the
correlation between equity markets’ returns, we calculate the contagion effect from a nation to the other. Each
element in FR, which demonstrates how two nations i, j are influencing each other during the crisis period, are

2

Before conducting VAR model, we find the best fit model that contains the lowest Akaike Information Criterion (AIC).
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estimated by the adjusted correlation for the past 30 days. We use 30-day rolling method to estimate FR(i→j)
for everyday during the crisis period.
The denominator in estimation of FR(i→j) is changed annually. For example, FR(i→j) on September 26,
2008, is calculated as the adjusted correlation at September 26, 2008, in 𝜐̂𝑦|𝑥𝑖 and 𝑉𝑎𝑟(𝜐̂𝑦|𝑥𝑖 − 𝜌̂𝑥 ) is
estimated from the period from October 27, 2007, to October 26, 2008. This enables changes in 𝑉𝑎𝑟(𝜐̂𝑦|𝑥𝑖 −
𝜌̂𝑥 ) over time.
The chi-square hypothesis testing at 10% level of significance is conducted with a null hypothesis that
contagion is merely a correlation between two nations. The standard error used in the hypothesis testing is 𝑠𝑒 =
√𝑉𝑎𝑟(𝜐̂𝑦|𝑥𝑖 ) , also allowing for changes annually as done in deriving 𝑉𝑎𝑟(𝜐̂𝑦|𝑥𝑖 − 𝜌̂𝑥 ). If we reject the null, by
the definition of contagion, we can safely claim that a nation was influenced by the other nation. Then let
changes in vulnerability of each nation be a Markov chain by transforming the contagion effect into transition
probability matrix. PageRank analysis is conducted on the directed and weighted adjacency matrix from 2007 to
2013. Then in order to compare the PageRank of each nation over the whole period, we normalize the PageRank,
adopting a normalization methodology from Berberich, Bedathur, Weikum, and Vazirgiannis (2007).

5. Empirical Analysis
In this section, we first report the summary statistics for VI for the full sample period.

5.1. Overall Descriptive Statistics
Reporting the overall descriptive statistics allows us to classify each nation according to its vulnerability
which we visualize in the map in this section. Figure 1 plots the changes in VI of the entire sample nations. As
we only analyze the crisis period, the VI oscillates greatly. During the year 2008 and 2000, the Global Financial
Crisis (GFC), the fluctuations of VI overlaps, indicating the overall health of the nations deteriorated. In contrast,
the number of European countries’ VI increases dramatically during the European Debt Crisis.
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Figure 1. VI over total sample period

We observe the surge in VI in European countries in the next section. Before scrutinizing the VI of individual
countries, the overall descriptive statistics is further investigated and used to classify the nations according to
their vulnerability. Table 1 tabulates the mean, standard deviation, minimum and maximum value over the total
sample period encompassing the Global Financial Crisis and the European Debt Crisis.
The mean values of VI among the sample countries vary dynamically ranging from 2.5594(South Korea) to
9.5186(Austria). South Korea contains low vulnerability over the whole period, we ascribe their robustness to
their experience from 1997 East Asian Crisis. Austria holds the most vulnerable nation position over the sample
period. It is surprising that Austria’s VI is high even during the Global Financial Crisis, which seems to be
unrelated to Austria. We later use these values to classify the nations into several vulnerability groups. The
standard deviations of VI also differ greatly from 1.5760(France) to 4.9598(Greece). This implies that France,
during the recent two consecutive crises, had not suffered dramatic changes in its position in the international
financial market; whereas Greece had undergone major changes in its position. We scrutinize the events
associated with notable changes in the international financial markets.
Another factor that is noteworthy is the maximum value of VI and the country that hold the highest maximum
VI is Japan. Japanese financial market’s vulnerability dangerously had increased from the beginning of the year
2013. We elaborate such skyrocket in the later section. It is astounding that the second highest maximum VI
among the sample nations is Norway, which seems to be one of the most countries that have a sound financial
market. During the recent financial crisis, this was not the case as the Norwegian pension fund invested in the
U.S. financial market was perceived by the investors as considerably detrimental to Norwegian financial market.
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So the vulnerability of the Norwegian financial market rose fiercely right before the collapse of Lehman
Brothers.

Table 1. Summary statistics of total sample

𝐸(𝑉𝐼)

4.9082

4.7805

9.5186

5.4090

2.7292

3.7907

4.1564

5.8898

4.0269

4.6818

5.0247

5.0906

𝑠(𝑉𝐼)

4.0291

3.8904

4.6139

2.4457

1.8062

2.3741

3.2692

3.1399

3.0840

2.7586

1.5760

2.0530

𝑚𝑖𝑛(𝑉𝐼)

1.0000

1.0000

1.3911

1.1437

1.0000

1.0000

1.0000

1.0362

1.0000

1.0000

1.0000

1.0000

𝑚𝑎𝑥 (𝑉𝐼) 22.9194 26.6952 28.0043 16.6713 20.3278 18.6460 27.1104 19.1263 29.7815 15.5370 14.1580 20.5209

𝐸(𝑉𝐼)

6.0735

5.3462

2.9048

5.2763

3.3051

5.2769

3.9211

2.5594

3.3693

4.8750

5.5887

𝑠(𝑉𝐼)

4.9598

3.3239

2.0366

2.6654

2.4380

2.7762

4.4956

1.7889

2.6429

1.6887

3.1920

𝑚𝑖𝑛(𝑉𝐼)

1.0000

1.1560

1.0000

1.0000

1.0000

1.1784

1.0000

1.0000

1.0000

1.0000

1.0000

𝑚𝑎𝑥 (𝑉𝐼) 32.1076 25.2593 14.6749 19.2990 22.6880 18.2511 36.2080 15.5545 23.6440 12.1819 34.4266

𝐸(𝑉𝐼)

6.2289

4.6711

5.6868

3.3910

4.3946

4.4050

4.4678

2.7237

3.3306

4.8739

3.9871

𝑠(𝑉𝐼)

3.6588

2.8046

4.7069

2.5403

2.2282

1.9729

2.9561

1.9106

2.6129

2.2088

3.0345

𝑚𝑖𝑛(𝑉𝐼)

1.0000

1.0000

1.0000

1.0000

1.0000

1.0871

1.0000

1.0000

1.0000

1.0000

1.0000

𝑚𝑎𝑥 (𝑉𝐼) 28.3583 23.5722 21.7776 18.5887 17.1615 16.2723 23.5323 16.5398 17.3345 18.5088 30.0885

Furthermore, according to each nation’s average VI, we divide the sample countries into four categories:
“highly vulnerable”, “relatively more vulnerable”, “relatively less vulnerable”, and “the least vulnerable”.
Countries that are classified as “highly vulnerable” are the ones with VI higher than 5.5 and includes Austria,
China, Greece, Norway, Poland, and Russia. “relatively more vulnerable” nations of which VI exceeds 4.5 but
less than 5.5 are composed of Argentina, Australia, Belgium, Finland, France, Germany, Hong Kong, Ireland,
Italy, Netherlands and Portugal. “relatively less vulnerable” countries that hold VI greater than 3.5 are Canada,
Chile, Denmark, Japan, Singapore, Spain, Sweden, the U.K. and the U.S. Lastly, “the least vulnerable” nations
consist of Brazil, India, Israel, South Korea, Mexico, Taiwan, and Turkey.
In Figure 2, we visualize the groups in the world map with different colors. Red color indicates “highly
vulnerable” nations, orange “highly vulnerable”, green “relatively more vulnerable”, and blue “the least
vulnerable” nations. First thing that catches our attention is the color of North America. Although the media
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mostly underscored the devastation of the US financial market and the fiasco of the US government to preclude
such disaster, we find that the VI is relatively low. We demonstrate in the later section that this is dues to two
reasons: first due to our assumption on the initial distribution, which indicate the probable starting point of the
financial crisis; and second due to the dissipation of risk to other markets, making the US market rather safer
than other financial markets.

Figure 2. Visualization of VI over total sample period

5.2. VI of each nation over the total sample period
We also plot the changes in VI of each country over the total sample period and provide several explanations
that seem to be noteworthy with a reference from OECD Economic Surveys. This overall delineation allows us
to roughly assess the usefulness of VI in gauging the health of a nation’s financial market. The plot’s color
changes in roughly a year period, that is, we use blue color from September 2007 to October 2008, green from
November 2008 to October 2009, and red from November 2009 to October 2010 in Figure 3. We conjecture that
the move of VI precedes the financial damage and at least partially ascribe such damage to the nation’s
vulnerability. Then how do we identify the detrimental effect of high VI? We find the symptoms from the status
of the nation’s economy around high VI.
The relation between the financial market and the overall economy has been studied in numerous studies. The
majority of these studies have focused on the development of the financial market and the long-run economic
growth. According to Levine and Zervos (1998), the financial markets serves a pivotal role regarding the overall
economy, precisely, the market liquidity impact positively on the economic growth. Beck, Levine, and Loayza
(2000) also concludes the level of financial intermediary development has a positive relation with real per capita
GDP. Although our study does not investigate the development level of the financial market, the implication
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from these studies tells us that there is a connection between the health of a financial market and the economy.
Therefore, we attempt to match the VI trend and the economic events in each nation.
The VI of Austria (abbreviated as OE) is highly volatile and is aforementioned as the most vulnerable nation
in the sample. Austria holds considerably high susceptibility to the financial risk derived from small size, high
trade, and financial openness. Even before the year 2008, the vulnerability of Austria is relatively higher than
any other countries. As a result, Austria economy entered a severe recession from late 2008 noted as the deepest
since the mid-1950s and the equity market toppled from 2007 to the mid-2009. According to the OECD
Economic Survey, the recession is attributed to declining in exports in investments, high unemployment, and
rising inflation. We conjecture that the disturbance is due to the increased market perception of the large risk
exposure to Central and Eastern Europe with regards to the economic health which is seen in the plot.
China’s vulnerability (CH) as seen in Figure 5 holds a large variability. This coincides with the China market
crash at the end of 2007. Although China was able to keep its high economic growth rate, the impact on the
Chinese market was greater than is reported. The undermined damage made China seen like an immune country;
however, that was not the case. The rapid growth made Chinese financial market highly likely to suffer major
reversals, and this was what had occurred. (Li, Willett, and Zhang, 2012) The plummeting export as a domino
effect from the U.S. financial market damage exposed China to financial risk. The vulnerability of Chinese
financial market is therefore perceived as highly volatile as it was largely dependent on the U.S. market and the
European market that for the most of the time the VI of China is over 5, which implies that Chinese financial
market is fivefold more fragile to the financial risk contagion than the safest country, say Brazil or India.
The vulnerability of Chinese market corresponds to that of Hong Kong financial market (HK). Even though
the peaks are positioned differently, it is highly volatile as China. We also spot that the standard deviation of
Hong Kong is larger than that of China. Economic growth dropped from 6.4% in 2007 to 2.5% in 2008 and then
to further negative growth of -2.5% in the last quarter 2009, which was Hong Kong’s worst performance since
1999. (Lin, Edvinsson, Chen, and Beding, 2013). Financial openness to international financial market and high
reliance on China both became a catalyst for Hong Kong financial market to become exceptionally susceptible
to the financial risk.
What about Ireland (IR)? The VI of Ireland also oscillates largely. High vulnerability in the overall period
from the Global Financial Crisis precedes the post-2008 Irish economic downturn. Even before July of 2008, VI
of Ireland exceeds 10, which means that it is tenfold more volatile than a country that is least affected by the
external financial risk contagion. From 2002 until 2007, Irish economy experienced high growth rates, largely
based on the rapid expansion of credit and an accompanying build-up of personal indebtedness by Irish
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households. This was accompanied by rising property prices. When the Global Financial Crisis erupted in
August 2007, Irish banks were left vulnerable and exposed. With falling property prices, banks began to suffer
huge losses on their loans in the end of 2008. The government decided to issue a blanket guarantee of the banks’
liabilities and to recapitalize those using public funds. Although the government began to implement austerity
measures designed to restore sustainability to its public finances, international investors became worried about
the impact of escalating bank losses on the government’s balance sheet, and risk spreads surged on Irish
sovereign debt. (The European Commission Representation, 2012)
The VI of Italy (IT) soars in July of the year 2008 and the beginning of the year 2009. In the first quarter of
2009, growth witnessed a decline in growth of 6 percent (annual). The most distinguishing feature of this
recession was the sharp deterioration of exports (Italy’s traditional engine of growth). The globally synchronized
nature of the recession led to the largest historical contraction of Italian exports since the 1930s. As a result,
investment dropped sharper than experienced in earlier recessions. On the other hand, the profile of decline in
private consumption was similar, though more persistent. (Morsy and Sgherri, 2010) As seen in other countries’
plots, we find that the increment in VI precedes the actual occurrence of economic recession. We can infer that
the financial market, as the investors continuously scrutinize its condition, reacts more swiftly than the real
economy.
Russian financial market (RS) was perceived to be 5 to 10 times more vulnerable to financial risk in October
and November of the year 2007. However, the impact of the Global Financial Crisis was relatively slower than
any other countries. Russia was prepared with amounted reserves and few debts. The Russian financial market
manifested relatively tranquil even in the outbreak of the U.S. subprime mortgage in summer of 2007. Sutela
(2010) explains that President Vladimir Putin and other leading experts like Vladimir Mau, Rector of the
Academy of the National Economy, warned the influence of potential world economic crisis and potential
susceptibility of Russian market from high export prices and large financial inflows. When the economic crisis
hit, it influenced Russian market through a decrease in export price and quantity as well as outflow of capital.
The fact that the preparedness of Russian market delayed the effect from the world financial crisis is noteworthy.
The VI of US financial market (US), ironically seems to be calm during the Global Financial Crisis period.
Except for a large peak in the beginning of year 2008, which preceded the following consecutive lethal events
encompassing Lehman Fall and AIG bailout. We attribute the tranquility of the U.S. market to the definition of
the VI, which captures the relative vulnerability from the financial risk contagion starting from other countries.
It is important to note that the outbreak of the Global Financial Crisis in 2008 started in the U.S. subprime
mortgage. Additionally, we find that the US economy rebounds from recession in 2009. According to The New
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York Times on October 2009, it is stated that “the nation’s gross domestic product expanded at an annual rate of
3.5 percent in the quarter that ended in September, matching its average growth rate of the last 80 years,
according to the Commerce Department.” (Rampell, 2009). So we conjecture that the strength that the US
financial market recovered after the recession made the market immune to the possible external financial risk.
Countries that suffered the most from the Global Financial Crisis contain high VI over a long period of time.
Although it is seen from outside that each market is “unexpectedly” hit by certain events like Lehman Brothers
fall, some countries are immune to such critical events. This signifies that the overall fundamentals and the
perceived volatility from the viewpoint of investors are the major factors that determine the vulnerability of a
financial market. With a principal assumption that investors know almost everything in an aggregated sense, our
VI captures the healthiness of a financial market’s fundamentals. The nations that hold several peaks in VI over
the sample period of time does not imply weak robustness but a probability that it can be affected by the
external financial market condition; on the other hand, the nations with constantly high VI or many peaks are
inferred to have a susceptible financial market.
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Figure 3. Vulnerability Index during the Global Financial Crisis
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Figure 4 demonstrates the period after the outbreak of the European Debt crisis. We also use different colors
within a plot to notify the annual period. (October of the previous year to the next year) Here we focus more on
the European countries. The VI of Denmark arises dramatically in the end of the year 2012. According to the
Economic Outlook of Denmark in 2013, it is stated that the Danish economy went through a decrease of 0.5% of
GDP in 2012. Specifically, exports had dropped over the late 2012 period thereby entailing a negative growth
rate in the Danish economy in 2012. (Dansk Erhverv, Danish Chamber of Commerce, 2013) As Danish
economy is perceived as robust with sound fiscal status, flexicurity system that adjusts to economic crises on
time, and strong welfare system, the financial market also rebounded to the normal status in a relatively short
period of time.
We also find the VI of Finland to be relatively volatile, which raises curiosity. It is odd as Finland receives the
most accolades from the rating companies with Triple-As. Yet the VI of Finland is high during the year 2012.
As our VI roughly delineate a grim economy of Finland, Finland has gone through the depressed state in the
past three years. The major employer of Finland, Nokia had performed poorly in the market, the labor cost is
higher than its trading partners, the export to Russia had decreased, and a large number of people retired from
work; all these factors made Finland susceptible to external financial shocks. (Khan, 2015; Chan, 2015; Hirst,
2015; Sajari and Teivainen, 2015) If Finland had not been the preacher of fiscal soundness in Europe, it must
have gone through an even worse economic situation. Thankfully, perhaps due to its latent energy from the
robust economic structure, Finland is not viewed as the most vulnerable country from the year 2013; however,
the vulnerability to external financial risk should be traced until Finnish economy reinvigorates.
Greece became exceptionally susceptible for many times. Due to taking austerity act, Greek economy made
some progress by reducing its fiscal deficit and adopting structural reforms. Yet, according to OECD Economic
Surveys: Greece 2013, the economy still has a long way to go due to high unemployment rate and low real
income. The weakened economy seems to become vulnerable to external shock whenever the economic
rudiments crumble. The sharp rise in VI at the end of the year 2012 can be attributed to fiscal consolidation
entailing a decrease in domestic demand. Low disposable income, high unemployment rate, uncompetitive price
in the export market as well as high inflation rate all led Greek financial market to topple. (OECD, 2013)
The vulnerability of Japan had been intermittently ascended ever since the year 2008 due to increased
awareness of debt ratio from the GFC. Highly unstable fiscal status of Japanese economy is imputed on the
collapse of the 1980s asset price bubble. Since then, the Japanese economy had agonized with deflation
entailing zero interest rate and the central bank’s quantitative easing measures. The increase in public spending
and population aging resulted in a gross public debt to be 200% of GDP, causing detrimental fiscal instability.
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(OECD, 2013) Ironically we find the VI of Japanese financial market to be relatively tranquil after the 2011
Great East Japan Earthquake. We also find that Japanese financial market health to be potentially responsive to
the external financial risk at the end of 2012. Articles on Japanese economy ascribe such poor economic health
to sluggish growth and growing deficit
Poles economy had received accolades from the various articles with high growth rate despite the external
turbulence in the European economy from the year 2008 to 2011. In 2009, when the gross domestic product of
the European Union contracted by 4.5 percent, Poland was the only country in the union to see its economy
grow, by 1.6 percent. (Faris, 2013) Its growth did become sluggish but avoided full recession which can be
credited to its very low private debt, robust domestic demand and flexible currency. (Pleitgen, CNN, and Davies,
2010) It is puzzling that the VI of Poland is going through a turmoil from the end of the year 2009. Nonetheless,
the plot seems logical when we revisit the definition of VI, that is, the objective of VI is to measure the
possibility that the external financial risk will land on the local financial market. Thus, the fluctuation of major
tangible economic indicators may not synchronize with that of the VI. We notice that many news articles on
Poles economy to scrupulously suggesting the need for the high unemployment rate and concrete economic
structure. (Department of Investor Relations, Ministry of Treasury Republic of Poland, 2012) Thus, we carefully
propose that Poland should become a country with a strong economy that depends less on the external financial
market.
We revisit Russia’s VI in Figure 4. Russia’s economy is largely dependent on oil exports thereby making
Russian financial market highly volatile from 2011 to 2012 when many European countries suffered from the
European Debt Crisis. In the year 2011, when many developing countries rebounded from the devastating
economic situation, Russia remained in a stark position. Unproductiveness of workers and low capital
investment made Russian economy growth to be a sluggard. Such sluggish growth has brought additional risks
for Russia. Increases in public-sector spending since 2008 helped buoy the economy but also increased the risks
of budget deficits if oil prices decline. (Kramer, 2012; Rose and Tanas, 2013) Overall, according to Michal
Rutkowski, World Bank Country Director for the Russian Federation, “Russia has to build buffers against the
external volatility. This means replenishing the reserve fund, moving towards inflation targeting, and
strengthening banking supervision.” (The World Bank, 2012)
The VI of the United Kingdom had substantially risen in the beginning of 2011 and in the second half of 2012.
In the same vein, the actual UK economy shrank by 0.3% in the last quarter of 2012, dues to a decrease in the
manufacturing sector. Chancellor George Osborne said the figures from the fourth quarter of 2012 were a
reminder that the UK faces "a very difficult economic situation". He described them as "a reminder that last year
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was particularly difficult, that we face problems at home with the debts built up over many years, and problems
abroad with the Eurozone, where we export many of our products, deep in a recession". (BBC, 2013)
The VI of the US is relatively stable even during the European Debt Crisis. There appears to be no notable
peak in the VI. Such tranquility is imputed to the fact that the financial risk lies in European countries, not in
North America. Although there had been a slow in the recovery during the 2012 (Hall, 2012) and another
expansion during the 2013 (Rushe, 2014), the rates are marginal.
Countries that suffer from skyrocketing VI are mostly those that had undergone a drop in export; in other
words, the countries that are highly dependent on the global economy through trade relations encounter more
chances to be affected by the external financial risk. This seems reasonable for the countries whose economy is
contingent on the foreign markets are more likely to be detrimentally affected by payments for the exchanged
goods. The countries that were conjectured to be the most affected countries from the financial crisis, that is, the
nations that were perniciously influenced by the external financial risk were actually not that influenced as
reported by the media during the period.
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Figure 4. Vulnerability Index during the European Debt Crisis

27

28

5.3. Specific Events during the Global Financial Crisis and the European Debt Crisis
In this section, we attempt to provide an elaboration with actual financial contagion network which we
visualize with the program Gephi. The visualization of the contagion effect of one nation to another can enable
the policymakers to prospect the financial risk channel through which the domestic financial market is affected
by the financial crisis. In Figure 7 and 8, each node denotes a country labeled with an abbreviation following
Appendix A. The links display the financial contagion effect from country i to j, that is, element in an i-th row
and j-th column in the transition matrix Z. The thickness of each link indicates the weight. To illustrate in Panel
A of Figure 7, the link from the U.S. (US) to Canada (CN) is thicker than that of Australia (AU) to the U.K.
(UK); this implies that the financial contagion effect from the U.S. to Canada is stronger than that from
Australia to the U.K. We change the color and size of each node according to its VI. It is easy to spot the nations
with high VI, those with large size nodes. We color the nodes containing high VI with magenta then orange,
then yellow, then green, and then blue. The nodes in blue are considered as the least possibly affected country
and probably the country whose VI is used as a lower bound when normalizing the VI.

5.3.1. Lehman Brothers fall
We first explain the financial contagion before and after the Lehman Brothers collapse. From the
visualization of Figure 5, we can capture the interconnectedness of each financial market. Panel A demonstrates
the international financial markets on September 12, 2008, which is the date right before the Lehman Fall. It
seems that although the financial risk started from the U.S. market, the risk is dispersed to other countries. The
VI of Canada (CN), Singapore (SP), the U.K. (UK), Australia (AU), and Austria (OE) all arise before the event.
Canada, as it is near the U.S., is affected largely by the U.S. market directly whereas other countries with high
VI are influenced by many other countries. It is interesting that Australian market is notably influence by the
Lehman Fall even if it is not linked directly. This finding can be explained through the investment that Austrians
made in collateralized debt obligation from from Lehman Brothers’ Australian subsidiary between 2005 and
2007. When Lehman Brothers was perceived to crash, the investors investing in Australia thought that it would
be detrimental to stay in the market thereby withdrew the investment. Eventually, the subsequent effect of
expected collapse of Lehman Brothers led to the fall of Australian stock market. Austria (OE) is also identified
as one of the most vulnerable markets before the Lehman Fall. We conjecture that as the susceptibility of
Austrian market is high over the whole period, the fundaments of Austrian equity market can be considered as
shaky to the events that occur at the international level. The high vulnerability of both the U.K. and Singapore is
attributed to their role as a financial hub; our findings display that this increment in vulnerability only lasts for a
few days, therefore, we cannot contend that these countries have weak equity markets.
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The international equity market interconnectedness when Lehman Brother fall can be seen in Panel B. It is
observed that the highly vulnerable countries in September 12 are consistently perceived as vulnerable except
for Canada. At the same time, we find the comprehensive vulnerability of the nations to decrease as there are
less links between the nations. In Panel C, surprisingly we find that Israel (IS) is externally susceptible. Many
articles confirm that there is an alleged blame on Jewish banks as these banks transferred 400 billion dollars
before the Lehman fall. (Pfeffer, 2008) Although we cannot fully ascribe the rise of monthly vulnerability (as
these links are calculated based on the daily data for 22 business days) to the alleged news, the fact that such
information can detrimentally influence the equity market investors cannot be denied. Therefore, such
information that influences the financial market made Israel become vulnerable to the external financial risk.
Panel D. depicts the financial risk contagion between nations after a month from the Lehman fall. We surmised
that an event like this can cause a huge ruffle to the international financial market over a long period of time. In
Panel D. dramatic increase of VI in Chinese financial market is observed. This is due to the influence from
Hong Kong market, the link between the two nodes is thick, indicating strong influence. It is also noteworthy
that the US market (US) and Canadian market (CN) are influencing each other stronger.

Figure 5. Visualization of the International Financial Market Before and After the Lehman Fall
A. Sep. 12th, 2008 Right Before the Lehman Fall

B. Sep. 15th, 2008 On the day of the Lehman Fall
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C. Sep. 16th, 2008 the next day of the Lehman Fall

D. Oct. 14th, 2008 After the Lehman Fall

In the later section, we figure out that the assumption that the probability of emergence of financial risk is
approximately same across countries actually weakened the explanatory power of our method. In other words,
our presumption of uniform distribution across the nations decreases the accuracy of the prediction of VI.

5.3.2. Greece anti-austerity act
Figure 6 manifests the financial risk contagion before, during, and after Greece Anti-Austerity Act, stirred up
in May 5th of 2010. It was provoked by accepting the bailout package offered by the European Union and the
International Monetary Funds at the expense of various austerity measures. These measures included public
sector pay cuts, pension reduction, and additional taxes for the companies, as well as an increase in the valueadded tax. After the announcement made by Prime Minister George Papandreou on May 1 st that the austerity
measures are too harsh for their people, Greek riots protested marches in Athens. (Smith, 2010) This event was
also one of the most significant events during the European Debt Crisis as Greek perceived the bail-out package
as a loss of their financial independence. The furious rallies engendered several casualties and raised tension
among the external financial markets as all the European countries were either directly or indirectly connected
to the European economy. (BBC, 2010) Panel A displays the financial contagion between nations on May 3 rd,
2010 right before the Austerity act but after the announcement of the bail-out package. Most of the countries in
Europe contain a high vulnerability which indicates tightened pressure among the countries before the outbreak
of the demonstration.
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Figure 6. Visualization of the International Financial Market Before and After the Anti-austerity
movement
A. May 3rd, 2010 Before the movement

B. May 5th, 2010 On the day of movement

C. May 7th, 2010 After the movement

In Panel B the number of links between nations increases substantially. This implies that the influences
between countries become entangled when the news that Greece economy became more unstable was reflected
in the international financial market. In other words, the international financial market underwent a tightened
tension during this period. It is also noteworthy that VI of Greece increases on the day of movement. Panel C
captures the financial contagion relations after the movement. There exist strong links between Greece and
Portugal with arrowheads on both sides, meaning that the financial markets of these two countries are
influencing each other very closely and the economic damage that each receives from each other can be
similarly detrimental.
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Overall, we observe that there are several countries including Poland (PO), Russia (RS), and Austria (OE) that
are more likely to suffer from financial risk contagion. These countries match the ones with high VI in the
section above. This indicates that the countries with weak fundaments which raise the probability of being
damaged by the international financial crisis, are the ones that incessantly suffer from series of critical events. In
addition, this implies the rough usability of VI as a predictor of financial market damage to the potential external
influence.

6. Usability of Vulnerability Index
Next, we examine whether our VI can be used to predict the next quarter’s loss in the equity index. We first
attempt to find a conventional method to test this by conducting a series of assessment regarding the VI and the
loss of market index.

6.1. Unit root test
We plot the national index over the total sample period in Figure 7. It is noteworthy that there is a sharp drop
in the prices of indices from all the countries in 2008. The impact of the financial crisis varies among the sample
countries. Some countries manage to get back to the track right after the huge shock that the world financial
market suffers; whereas some countries seem to suffer from a long-term damage. Another important fact that we
should take into consideration from this figure is that there are countries that are naturally volatile; in other
words, some equity market index prices fluctuate greatly in a short span of time. These countries can be
regarded as those with weak fundaments. We expect the countries with weak equity market to hold high VI.
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Figure 7. Plotting the National Index Price over the Total Sample Period
A. National Index Price

B. National Index Return

In order to examine what kind of test that we can use to find the predictability of VI, we engage in the unit
root tests. Unit root tests are used to find the stationarity of the data. Adopting Augmented Dickey-Fuller test,
we intend to find the existence of stationarity in the data. When Dickey-Fuller tests (the unit root test) are
carried out both with the index price and index return, we find that both of them contain a unit root, which
implies that these data are nonstationary. On the other hand, as seen in the result from the unit root test of VI in
Figure 1, we find that VI is stationary. Thus, conventional methods including GLS and the VAR cannot be
conducted as the attribute of the market index and the VI are different. What we intend to do is to predict
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nonstationary index fall with stationary VI which seems to be impossible with other methods; therefore, we
adopt a nonparametric method to investigate the prediction power of VI.

6.2. Explanatory power of VI
In this section, we intend to test whether our VI can provide early warning signals to the policy makers. In
other words, we test if VI can explain the future financial market performance during the financial crisis. We
examine the explanatory power of VI for the financial market loss in the next quarter in 5 steps. First, we
calculate rolling quarterly VI during the financial crises. We assess the quarterly VI since we believe that the
long-term prediction will be enough to check the usability of our VI. Then we calculate rolling quarterly average
index for each market. (66 business days). We denote Mean%Loss as the loss that each market suffers during
the next quarter, which is measured as:

𝑀𝑒𝑎𝑛%𝐿𝑜𝑠𝑠 =

𝑞𝑢𝑎𝑟𝑡𝑒𝑟𝑙𝑦 𝑚𝑒𝑎𝑛 𝑖𝑛𝑑𝑒𝑥𝑡 − 𝑚𝑎𝑟𝑘𝑒𝑡 𝑖𝑛𝑑𝑒𝑥 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝐽𝑢𝑛𝑒 2007

(18)

𝑚𝑎𝑟𝑘𝑒𝑡 𝑖𝑛𝑑𝑒𝑥 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝐽𝑢𝑛𝑒 2007

In the fourth step, we find Kendall’s tau rank correlation between the quarterly VI and the Mean%Loss with
lag 1. Simply put, we compare the rank measured by 𝑉𝐼𝑡 and 𝑀𝑒𝑎𝑛%𝐿𝑜𝑠𝑠𝑡+1 . (Similar to the method from
Billio et al., 2012) Lastly, we plot the Kendall’s tau rank correlation over time. Color the coefficients with the pvalue less than 10% red and gray if otherwise.

Figure 8. Quarterly Kendall (1938) tau rank correlation coefficients for regressions of quarterly
Max%Loss on quarterly Vulnerability Index.
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The higher the VI, the more vulnerable a country’s financial market is. As the weaker financial market are
affected by the financial risk more injuriously, we conjecture that the countries with high vulnerability suffer
from more loss during the financial crises. Thus, the countries with high VI should undergo a serious loss in the
financial market if VI has the predictive power. Figure 8 demonstrates the quarterly Kendall Tau rank
correlation coefficients for regressions of quarterly Max%Loss on quarterly VI and is consistent with our
expectation. We find that for the most of the period, VI explains the Max%Loss with statistical significance.
Specifically, after the outbreak of European Debt Crisis, we find the explanatory power of VI considerably high,
as the coefficients are statistically significant and negative.
Yet, there also is a region that VI does not well explain the market loss. This unexplainable period is the onset
period of the Global Financial Crisis instigated from the U.S. subprime mortgage crisis. We infer that our initial
distribution where we assumed all the nations hold the same probability of surging financial crisis has weakened
the explanatory power of VI. The GFC is known to have a certain epicenter of its detrimental damage, that is,
the U.S. financial market; whereas for the European Debt Crisis, we do not know the exact origin of the
financial crisis. Therefore, the explanatory power of VI, which was based on the assumption that there is an
equal probability among the nations of which the financial risk can spawn, is relatively high during the
European Debt Crisis period. In order to raise the explanatory power of VI during the GFC, we conduct
additional tests with different initial distributions.

7. Robustness check
In this section, we offer various robustness tests with different assumptions. First, we examine whether we
can use quarterly VI instead of monthly VI. This procedure is necessary as we intend to use quarterly VI to test
its predictability with regards to future loss. Then, investigation on the VI with different initial distribution is
carried out. We observe from the previous section that the predictability of VI during the GFC is relatively low
as the US is sure to be the market where the financial crisis spurred. With different initial distributions, our
objective is to find the distribution that can suitably explain the future market loss. While conducting our
research, another question that came up into our minds is the necessity of iteration. One of our initial
assumptions is that the risk contagion between nations occur instantaneously and is carried out many times until
there is a convergence. We intend to conjecture that the contagion effect occurs only twice, five times, ten times,
fifty times, and a hundred times.
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7.1. What happens if we change the period?
Figure 9 plots the monthly VI and quarterly VI in a 3D graph. We number the nations and the dates as our
objective in this subsection is to observe whether we can substitute quarterly VI to monthly VI when conducting
predictability tests. This is important as using monthly VI to calculate tau rank correlation with maximum
market loss is highly costly with regards to time, not to mention the noise when using short-period values.
Intuitively, the above reasons lead us to employ quarterly VI instead of monthly VI if they are similar in their
shape, specifically, the peaks and troughs.

Figure 9. Monthly and quarterly VI over the total period
A. Monthly VI

B. Quarterly VI

We can easily spot that a noise exists in monthly VI; whereas quarterly VI in Panel B is rather condensed.
The findings suggest that the peak values are “smoothed out” over a longer period of time. This result is obvious
as the impact of abnormal events like Lehman Fall can be offset by normal periods. As the monthly VI is simply
the amplified version of quarterly VI, we conclude that the quarterly values can be used to substitute in testing
the explanatory power of VI.
This results can entail an additional question that if quarterly VI provides stable and more reliable values, then
why not use them to signify each nation’s vulnerability in the first place? This is because our initial objective of
proposing VI is a simple and intuitive measure of each nation’s financial market. If we calculate the VI with
quarterly data, the use of VI will be futile as by the time the governments can come up with a VI, the economy
may have already undergone depression. Simply put, in order to serve the main purpose of simple and quick
measure of possible riskiness, we need to calculate VI based on monthly financial market index data. So the
monthly VI has a substantial advantage in easiness in calculating, thereby allowing the authority to implement
quick prescription to the coming up economic damage. Therefore, we suggest that the nations use the monthly
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VI to capture the usual vulnerability of the financial market and use the quarterly VI to keep up the explanatory
power of the VI. If the quarterly VI does not hold strong predictability, then alteration in initial distribution or
window should be made.

7.2. What happens if we assume an initial distribution other than uniform distribution?
The initial distribution is the possibility of each nation stirring up the financial crisis. In other words, the
probability of being the starting point of financial risk contagion is the initial value given to each nation. As seen
in Section 6, the initial distribution which we assumed in the first place when calculating VI hinders the
predictability of VI when there is an exact source country of the financial risk. So in this subsection, we change
the initial distribution of the financial risk during the GFC. By modifying the distributions, we will be able to
find the quarterly VI that can explain the next quarter’s market loss.
Figure 10 demonstrates the quarterly VI with different initial distribution. As the US is surely the source
country, we set the higher probability to the US financial market and give the same probability to the rest of the
sample countries. For example, if the probability of the outbreak of the financial crisis in the US market is 0.1,
then that of Republic of Korea should be

0.9
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≈ 0.027. This is because the summation of probabilities across

countries should be 1. We examine three cases and plot four cases in Figure 10. We first draw the original plot
with uniform distribution in gray. Then we assume higher probability for the US market and plot them in blue if
0.1, green if 0.2, and yellow if 0.5.

Figure 10. Quarterly VI with different initial distribution
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During the GFC, we find that the graphs are mostly overlapping, indicating that the VI does not change very
much. If we assume that the US contains 0.1 or 0.2 probability of an outbreak of a financial crisis, it is still
dictated by the transition probability matrix, which is derived from the financial risk contagion matrix in the
previous section. At the same time, if the initial distribution assumes the US to hold the value of 0.5, then the VI
is considerably different from that with 0.1 value or 0.2. Thus, it is hasty to conclude that the VI’s are similar
regardless of the initial distribution.
We examine quarterly Kendall tau rank correlation coefficients during the GFC following the same
methodology in the previous section and then display the results in Figure 11. Panel A and Panel B are similar
and both hold relatively higher explanatory power than seen in Figure 10. Unfortunately, we find that
explanatory power of assigning 0.5 to the US is low. This implies that the GFC cannot be explained fully by the
VI as there is a specific source country. Even if we control for the initial probability, still the role of transition
probability matrix is more important than that of the initial probability.

Figure 11. Quarterly Kendall (1938) tau rank correlation coefficients for regressions of quarterly
Max%Loss on quarterly Vulnerability Index with different initial distribution
A. Initial distribution with US = 0.1

B. Initial distribution with US = 0.2

C. Initial distribution with US = 0.5

39

From this test, we find that the VI perform better when the source country cannot be defined initially. We also
find the changes in initial states probability do not make much difference unless the change is considerably large.
As seen in the graph, from the mid-2008 mid-2009, when there had been series of financially detrimental events
in the US, the VI actually perform poorly. We conjecture such results stem from the fixed initial distribution
when calculating the VI. Perhaps during these periods, the probability given to the US should be larger. Thus,
we leave this to be one of our study’s limitations.

7.3. What happens if we iterate the contagion effect finitely many times?
The main purpose of this robustness test is to alleviate the assumption that we hold throughout the analysis
that the contagion effects that exist across all the nations in a month are continuous at that particular moment
until the probabilities converge. In other words, a set of VI is a stationary distribution vector that demonstrates
the probability that it will be influenced by external shock if the influences among nations persist. We calculate
the quarterly VI by assuming that there is a limited number of iteration. In this way, we can easily check
whether there is a different result following fewer contagion effects. At the same time, we examine when the
probability distribution converges. If the VI converges in a short period of time, then the resulting probability is
stable as there will be no more changes in the probability even when the number of iteration increases. This
implies that the VI is a reliable measure.

Figure 12. Quarterly VI with different number of iteration
A. Infinite iteration until convergence

B. When iterated twice
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C. When iterated 5 times

D. When iterated 10 times

E. When iterated 20 times

F. When iterated 100 times

The results from different iteration tests are delineated in Figure 12. The findings suggest that when compared
to the quarterly VI with the assumption of infinite iteration, there is a slight different only when the number of
iteration is small. We recognize that after 10 iterations within the sample nations, the probability distribution
from the PageRank algorithm reaches a convergence. Graphically, Panel D, Panel E, and Panel F demonstrate
the same plot as the values already converge at Panel D. Thus, we confirm that the VI is stable over the total
sample period. We additionally verify that for the sake of calculation time and complexity, the policymaker can
implement the VI with a small number of iteration, conservatively about 15 times.
Overall, a series of robustness tests indicate the VI does not change much even if we change the initial
assumptions which we carried out while estimating the VI in the first place. Except for the initial distribution
assumption, we find that out results are robust.
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8. Caveats and conclusion
As the world financial markets interact in a convoluted way, we cannot find the contagion mechanism of a
nation to another when financial crisis outbreaks. Thus, we have to examine various measures just to detect
whether contagion has occurred. Due to complexity, this entails great consumption in time and effort and
eventually leads to dawdling with implementing remedies. We find the need to introduce a new methodology
that can easily represent the health of each nation’s financial market.
So far numerous attempts have been made on measuring the contagion effect, yet with rather a simple
assumption of one-way influence. We, adopting the pivotal algorithm, PageRank, from network methodologies,
propose to quantify the vulnerability each country confronts when a financial crisis occurs. Identification of
contagion relations was done to create a matrix that indicates the probability matrix of contagion paths. Then the
transitional probability matrix was iterated until each nation has some converged value, which we denote as
Vulnerability Index (VI). The intuition behind this index is that since the information incorporated in the
financial market are diffused instantaneously and internationally, the endless iteration of the influence from one
nation to another should be considered when we try to unravel the daily ultimate impact that comes from
complex relations of nations.
There are two limitations that we have in our study, first with regards to the initial condition of each
nation’s position in the financial market contagion network, they are assumed to be same over a certain period
of time. We assume that the initial vulnerability in the network before the occurrence of contagion can be same
among all nations. This is due to the reason that we are not clear what the explicit catalyst is for the outbreak of
a contagion. Thus, we set each stock market’s vulnerability as same to account for randomness; subsequently,
we perform a number of robustness tests with a different initial probability distribution that contains higher
explanatory power over the future maximum market loss. Yet, as the assumption on the different distributions is
fixed over the estimating period, we cannot find the VI with higher usability. We leave this limitation to the
future study.
In addition, we assume that the financial risk contagion follows PageRank algorithm, which is an eigenvector
centrality with a damping factor and a constant; however, there may be another algorithm that can explain the
financial risk contagion better. Perhaps Hits algorithm which calculates both the authority score and a hub score.
This might allow the researchers to scrutinize both the incoming and outgoing links of financial risk during a
financial crisis. Simply put, this will enable the researchers to come up with both the vulnerability and the
impacting power of a nation.
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Our findings report that VI has the explanatory power of each nation’s vulnerability to the recent financial
crisis from 2007-2013, encompassing the GFC and the European Debt Crisis. Unlike the semiannual or annual
economic data that requires much more time to collect, analyze, report and implement some antidote in policy,
aggregated index of the stock market is readily available in daily form. The simple and intuitive measure, VI can
enhance a nation’s financial market health as the policymakers can always be aware of the possible damage
from a future financial crisis. At the same time, if the window is expanded to quarter, the predictive power of VI
can be monitored thereby allowing the policymakers to adjust some of the assumptions such as the initial
probability distribution, to strengthen the prediction power of VI. Now, before the forthcoming catastrophe, the
government authority can be prepared with a package of instantaneous remedies.
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Appendix Sample Countries and the Abbreviations
The table below indicate the abbreviations for each nation which will be shown in result tables.

Abbreviation

Country

Abbreviation

Country

Abbreviation

Country

AG

Argentina

GR

Greece

PO

Poland

AU

Australia

HK

Hong Kong

PT

Portugal

OE

Austria

IN

India

RS

Russia

BG

Belgium

IR

Ireland

SP

Singapore

BR

Brazil

IS

Israel

ES

Spain

CN

Canada

IT

Italy

SD

Sweden

CL

Chile

JP

Japan

SW

Switzerland

CH

China

KO

Korea (South)

TW

Taiwan

DK

Denmark

MX

Mexico

TK

Turkey

FN

Finland

NL

Netherlands

UK

United
Kingdom
FR

France

BD

Germany

Norway

NW
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US

United States

