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Abstract. How the risk contagion network of the global stock markets changes
under the impact of COVID-19 has always been a hot issue in academic circles.
In this paper, the generalized variance decomposition method is used to construct
the stock market risk spillover network of 11 countries in the world, and the
dynamic correlation degree of stock market risk is obtained by the rolling window
prediction method. On this basis, we investigate the changes and characteristics
of the risk-contagion relationship among stock markets against the background
of the COVID-19 outbreak. It is found that there is an obvious cross-industry
spillover between stock markets, and the stock market risk contagion network has
an obvious "small world" feature. During the outbreak of COVID-19, the density
of risk transmission networks between markets increased. At the same time, the
network connectivity is higher, and the infection path in the network ismore direct.
Under the impact of COVID-19, Australia and the United States are at the center
of the network.

Keywords: Systemic risk · Risk overflow network · Generalized variance
decomposition · Dynamic correlation degree

1 Introduction

With the increasing degree of global financialization, economies are increasingly inter-
connected and complex, and financial markets are gradually merging into an inseparable
whole [2]. The stock market is an important part of financial markets, and stock markets
across countries have also shown greater connectivity. This connectivity not only leads
to better resource allocation, but also provides a channel for risk contagion [4, 5]. Under
the spillover effect, the negative impact of the cyclical structure of the real economymay
quickly disperse to neighboring financial markets and constantly spread to other finan-
cial markets, thus triggering a systemic crisis [1]. In recent years, major international
emergencies occur frequently, repeatedly impacting the world’s major stock markets.
In 2020, the global economy was hit by the COVID-19 pandemic in a short period of
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time. Systemic financial risks continued to spread in international markets, and the stock
markets of major economies also experienced dramatic fluctuations. In this context, the
study of the complex volatility spillover connected network among the financial mar-
kets and its role in the connected network is a key link to effectively prevent the impact
of global financial risks. This paper examines the risk contagion relationship among
international stock markets under the impact of the novel coronavirus epidemic, and
conducts in-depth research on the spread path of financial risks and the identification of
risk sources of infection. The research of this paper is helpful for the financial regulators
of each country to identify the position of their own financial markets in the global finan-
cial market connectivity network. They can also be helped to identify the sources of risk
and the possible routes of transmission of the risk they are faced. This study provides a
scientific basis for financial regulatory authorities to formulate more targeted domestic
and foreign financial risk prevention policies, and also provides a reference for further
strengthening the global financial risk prevention cooperation.

2 Data and Research Methods

2.1 Research Methods

Based on the marginal contagion index of the network topology method of Diebold
and Yilmaz [3], we use the generalized variance decomposition technology to obtain
the network contagion index and marginal contagion index. The generalized variance
decomposition method can effectively solve the problem that the traditional variance
decomposition results are not robust and better depict the risk contagion network between
markets [6].

First of all, VAR(p) model with stable covariance of N variables is established, and
P-order is selected in the lag period:

Xt =
p∑

i=1

�iXt - i + εt (1)

where, Xt = (xit, · · · , xNt)′ is the volatility series of N markets in period t, and the mean
value of εt ∼ (0, �) is 0, and the covariance matrix is �. Assuming that the covariance
of this model is stable, Formula 1 is converted into moving average form

Xt =
∞∑

i=0

Aiεt - i (2)

where, Ai = φ1At - 1 + φ2At - 2 + · · · + φpAt - p, A0 is the N by N identity matrix, and
when i < 0,AI = 0.

Generalized variance decompositionwas carried out for covariance�. The following
formula is to measure the variance of prediction error at the i variable H step (the number
of variance decomposition periods), which is impacted by the j variable part, among the
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rest i �= j:
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h=0

e′
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,H = 1, 2, · · · (3)

In the above equation σ−1
ii is the standard deviation of the prediction error of the i

variable,ej is the N by 1 vector, the j element is 1, and the rest is 0.θHij is impact of xj on
xi.

In this study, the network topology method is used to construct the relational degree
matrix, see in Table 1.

Where, the source of behavioral correlation is listed as the receiving place of cor-
relation, �IV1,�IV2 . . . . . . �IVN represent 11 different stock markets. Elements in the
matrixwere obtained by variance decomposition to reflect the correlation degree between
the two markets:

SHi←j = θHij × 100 (4)

By improving the above formula, the formula of net correlation index canbe obtained,
which reflects the difference of correlation degree between two markets. The formula
is:

NSHi←j = SHi←j - S
H
j←i (5)

In the FROM column of the matrix, each element is summed up by a corresponding
columnof non-diagonal elements. It is the sumof the impact ofmarket i on othermarkets,
namely the correlation degree of other markets to market i, which is called the degree
of external correlation.

TSHIN ,i←· =
∑

j

SHi←j, i �= j (6)

Table 1. Correlation degree matrix

�IV1 �IV2 … �IVN FROM

�IV1 SH1←1 SH1←2 … SH1←N
∑
j
SH1←j, j �= 1

�IV2 SH2←1 SH2←2 … SH2←N
∑
j
SH1←j, j �= 2

… … … … … …

�IVN SHN←1 SHN←2 … SHN←N
∑
j
SH1←j, j �= N

TO ∑
i
SHi←1, i �= 1

∑
i
SHi←2, i �= 2 … ∑

i
SHi←N, i �= N 1

N
∑
i

∑
j
SHi←j, i �= j
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Table 2. Marginal correlation matrix

�IV1 �IV2 … �IVN Marginal Net IN

�IV1 0 MNSHt,1←2 … MNSHt,1←N
∑
j
MNSHt,1←j, j �= 1

�IV2 MNSHt,2←1 0 … MNSHt,2←N
∑
j
MNSHt,2←j, j �= 2

… … … … … …

�IVN MNSHt,N←1 MNSHt,N←2 … 0 ∑
j
MNSHt,N←j, j �= N

Marginal
Net OUT

∑
i
MNSHt,i←1, i �= 1

∑
i
MNSHt,i←2, i �= 2 … ∑

i
MNSHt,i←N, i �= N

In the row of the matrix TO, each element in the row vector is summed up by a
corresponding column of non-diagonal elements to reflect the sum of the impact of
market j on other markets, which is called external correlation degree.

TSHOUT ,·←j =
∑

i

SHi←j, i �= j (7)

In addition, the average of TO or FROM elements can obtain the total market
correlation that reflects the overall market correlation:

NTSHi = TSHTO,·←j − TSHFROM,i←· =
∑

j

NSHj←i (8)

Combinedwith the network topologymethod, the correlation degreematrix is further
calculated to obtain the net correlation degree of the two markets. Then the marginal
correlation matrix is obtained by sorting the difference by time, see in Table 2. Where,
MNS is marginal net correlation index:

MNSHi = NSHt,i←j - NS
H
t - 1,i←j =

(
SHt,i←j - S

H
t,j←i

)
−

(
SHt - 1,i←j - S

H
t - 1,j←i

)
(9)

Each element in the corresponding row and column of “MNO” and “MNI” respec-
tively reflects the total effect of the marginal net correlation degree from other markets
to market i, and the total effect of the marginal net correlation degree from market j to
other markets. The risk spillover network among stock markets of different countries is
constructed by the matrix of volatility spillover network, and the characteristics of risk
contagion in the financial system of stock markets of different countries are analyzed.

2.2 Data

From the perspective of financial market position and overall economic strength, we
selected stock index data of 11 major economies including Australia, Germany, Russia,
France, South Korea, the United States, Spain, Singapore, Italy, the United Kingdom,
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Table 3. Stock indexes

market abbreviations Stock index

Australia AUS Australia s & P 200AS51.GI

Germany DEU Germany DAXGDAXI.GI

Russia RUS Russia RTSRTS.GI

France FRA France CAC40FCHI.GI

South Korea KOR Korea Composite Index KS11.GI

The United States USA Dow Jones Industrial Average DJI.GI

Spain ESP Spain IBEX35IBEX.GI

Singapore SGP Ftse Singapore Straits IndexSTI.GI

Italy ITA Ftse Italy MIBFTSEMIB.FI

Britain GBR UK FTSE 100FTSE.GI

China CHN Shanghai Composite Index 000001.SH

and China as the initial data based on the principle of data availability and representativ-
ity. And the specific indicators are shown in Table 3. The 11 countries include developed
countries such as the United States and the United Kingdom, as well as emerging coun-
tries such as China and Russia. In addition, the total market value of these 11 stock
markets accounts for more than half of the total market value of the global stock market,
which is extremely representative and extensive. The sample range is from January 2,
2008 to September 27, 2022, containing the highest and the lowest price data of 2925
trading days of the stock index. The sample data span nearly 15 years, covering all kinds
of major international emergencies. The data is from the Wind database.

The missing data caused by inconsistent working days were excluded from the sam-
ples, and themethod ofDiebold andYilmaz (2014)was used for reference tomeasure the
volatility of the stockmarket indexwith the daily range variancemethod. The calculation
formula is as follows

σ2it = 0.361[ln(pmax
it ) − ln(pmin

it )]2 (10)

σit = 100
√
365 · σ2it (11)

where pmax
it is the daily highest price for the stock index, pmin

it is the daily lowest price
for the stock index,σit is the approximate daily volatility of the index.

3 Analysis of Risk Spillover Effect Between Global Stock Markets

The correlation of stock market volatility spillovers in different countries during the full
sample period is shown in Table 4. The last row represents the external spillover index of
the corresponding sample country. The larger the external spillover index is the greater
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the influence of the country on other countries. The last column shows the spillover
index of the corresponding sample country. The larger the spillover index is the greater
the influence of the country itself on other countries. After observation, the following
analysis can be obtained: (1) The overall net spillover index of the whole research range
is about 64.80%, indicating a high degree of risk spillover effect in various domestic
stock markets. (2) By observing the diagonal data and comparing with other data, it
can be concluded that the domestic stock market suffers from its own lagged volatility
spillover effect significantly higher than the external market, and the strongest one is
China, which is 78.1%. (3) The spillover effects of various domestic stock markets are
asymmetrical. For example, the spillover degree of the US stock market to the stock
markets of other sample countries is significantly stronger than that of other sample
countries to the US stock market. (4) In terms of external volatility spillover degree,
the volatility spillover degree of the US stock market has the greatest impact on the
stock market of other sample countries, which is 108.7%. Followed by the French stock
market and the stock market volatility spillover effect, 105.1%, 100.1% respectively;
the Chinese stock market has the weakest impact on volatility spillovers of other sample
countries, only accounting for 8.5%. On the extent of exposure to external volatility, the
volatility exposure of the French stock market is the most affected by other countries,
which is 79.0%, followed by Germany and Britain, which are 78.6% and 75.9%. At the
bottom of the list is China’s stockmarket, which is only 21.9% influenced by fluctuations
in other countries. It can be seen that the stock market volatility is more affected by its
own factors, it is difficult to be affected by the external stock market volatility.

Bycombining the intensity of external spillover and the intensity of inbound spillover,
the net spillover fluctuation risk can be calculated as follows in order from greatest to
smallest: The United States, France, the United Kingdom, Germany, Italy, Spain, China,

Table 4. Risk overflow table of sample countries (2008.1.2–2022.9.27)

AUS CHN DEU ESP FRA GBR ITA KOR RUS SGP USA FROM

AUS 30.9 1.4 7.0 6.7 9.1 12.9 6.8 4.1 2.5 4.4 14.2 69.1

CHN 2.8 78.1 2.5 1.0 2.4 2.7 1.2 1.8 0.8 3.8 3.0 21.9

DEU 2.2 0.7 21.4 11.7 17.8 11.6 13.9 3.2 2.5 3.2 11.7 78.6

ESP 2.0 0.4 12.8 26.1 16.9 10.1 17.9 1.6 2.1 1.6 8.6 73.9

FRA 2.5 0.7 16.3 14.2 21.0 12.3 14.8 2.2 2.7 2.4 10.9 79.0

GBR 4.7 0.8 11.6 9.5 13.3 24.1 10.5 3.8 3.3 4.1 14.3 75.9

ITA 1.7 0.3 14.3 16.4 16.4 10.6 25.6 1.5 2.5 2.3 8.4 74.4

KOR 5.2 1.1 6.4 4.4 5.2 9.0 3.8 39.6 1.5 9.0 14.7 60.4

RUS 2.3 0.4 6.7 4.9 7.3 8.0 6.3 1.7 51.0 2.7 8.6 49.0

SGP 4.4 1.8 6.7 4.1 6.0 10.2 4.9 10.6 2.6 34.5 14.4 65.5

USA 4.3 0.9 10.3 7.4 10.7 12.8 8.1 4.2 3.0 3.9 34.4 65.6

TO 32.0 8.5 94.6 80.4 105.1 100.1 88.3 34.5 23.5 37.4 108.7 64.80%
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Fig. 1. Dynamic change of total overflow index (2008.1.2–2022.9.27)

Russia, SouthKorea, Singapore,Australia, the stockmarkets of theUnitedStates, France,
the United Kingdom and Germany, which have positive and large net spillover effect
index, are in the center of risk spillover. Once local risks occur, they are easy to have a
big impact on other countries through their correlation networks, thus triggering global
stock market shocks. However, the net spillover index of China, Russia, South Korea,
Singapore and Australia is negative, which is the net absorber of stock market spillover
risk.

The previous paper analyzes the risk linkage degree of various countries from the
perspective of the full sample, and considers the static correlation of spillover effects of
various countries from the perspective of static analysis. However, the static correlation
cannot well describe the risk contagion network in the face of sudden extreme events. In
order to better observe the situation of risk infection in various countries, the analysis is
carried out from a dynamic perspective. In this paper, the ADF test is made on the range
volatility of stock indexes of various countries during the whole sample period, and the
test results show that all series are stable. Then, based on AIC criterion, a VAR model
with a lag of 3 orders is constructed. A 200-day rolling window was used to measure the
volatility spillover risk of various countries, and the variance decomposition period of
the prediction error was set as 10, as shown in Fig. 1.We analyze the dynamic evolution
characteristics of the total risk spillover level of the stock market in the sample countries
during the whole sample period. It can be seen from the figure that the overall spillover
level fluctuates between 30% and 90% during the fifteen years from 2008 to 2022, and
the fluctuation fluctuation changes significantly.

4 The Spillover Network Analysis Between Global Stock Markets
Under the Impact of COVID-19

In early 2020, the novel coronavirus outbreak quickly swept the world, hitting global
financial markets and causing severe shocks in the capital market. In order to further
study the changes in connectivity between various countries, this paper selects March
23, 2020 as the time node to construct the marginal net spillover matrix of COVID-19.
Then UCINET software was used to draw the risk infection network diagram of the day
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and calculate the network characteristic index. Using these indicators, we compared and
analyzed the risk contagion and volatility of stock markets in different countries under
the impact of COVID-19.

Each node in the network represents the corresponding sample country, and the
directed line segment between nodes represents the input and output directions between
sample countries. The thickness of the line represents the correlation between various
domestic stockmarkets. The thicker the line, the stronger the correlation between sample
countries. As shown in Fig. 2 (a), by observing the correlation diagram of the network
structure during the whole sample period, it is found that the whole network structure
diagram is circular, the connections between nodes have obvious directivity, and various
countries are closely connected and influence each other. By observing the thickness
of directed line segments, it can be concluded that the degree of correlation between
different countries is not evenly distributed, among which the United States and the
UnitedKingdomare the network center, and the connections between other countries and
Australia, France and Italy are thicker, which indicates that the network risk contagion
effect is strong. As shown in FIG. 2 (b), the network structure of the risk correlation
degree of net spillovers between different countries shows that the degree of correlation
among the sample countries has changed under the impact of COVID-19 on March 23,
2020. The connections between South Korea, Italy, Spain, the United Kingdom and
France are thicker, and the effect of cyber risk contagion is stronger.

Through the comparison of network analysis indicators (see in Table 5), this paper
quantitatively analyzes the volatility spillover network characteristics of major global
stock markets under the impact of COVID-19. Compared with the case of full sample,
the volatility spillover network features of major global stock markets have obvious
"small world" characteristics. The specific analysis results are as follows: in both cases,
the average centrality of the network is far greater than 1 and far less than the total
number of industries 11. Although the network is sparse, it has a certain density, which
ensures the possible structure of the network. The network density in these two cases
is 0.646 and 0.5 respectively, indicating that the overall network density is high, the
connectivity is strong, and the degree of dispersion is low during these two periods. At
the same time, since the clustering coefficient is a value between 0 and 1, it can be seen
that the fluctuation overflow network in both cases has a large clustering coefficient.
For the spillover network of various domestic stock market volatility after the impact of
COVID-19, the distance matrix is constructed to calculate the mean length of the path
is 1, which is smaller than the full sample. It can be concluded that the mean distance of
any two node countries in the correlation network is smaller and the transmission path
is shorter.

In conclusion, the path of stock market risk transmission shows a significant cen-
tralized feature after the impact of COVID-19. Australia, Germany and France have
significantly increased their intermediate centrality values and become the center coun-
tries of risk spillover. In terms of network structure, these three countries may be located
on the risk infection path of the other eight sample countries, controlling the degree of
risk spillover impact of other countries. They have a strong ability to influence and pro-
mote other sample countries, and play a role of mediating effect. Among them, Australia
is the most centralized and located in the core part of the network structure. This may be
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Fig. 2. Network structure of the full sample period (b): Network structure during COVID-19

due to the financial and economic crisis caused by public health events. In mid-March,
Australia announced a second round of economic stimulus measures worth 66 billion
Australian dollars to support the epidemic hit by the virus, which caused the stockmarket
shock.
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Table 5. Characteristics of industry volatility spillover network under the impact of COVID-19

indicators Full sample COVID-19

Mean degree of center 6.540 5.000

Density of network 0.646 0.500

Coefficient of clustering 0.841 1.000

Mean path length 1.145 1.000

5 Conclusions and Recommendations

In this paper, the risk contagionnetwork among international stockmarkets is constructed
from the perspective of risk spillover network, and the dynamic correlation degree of risk
among stock markets is obtained by the method of rolling window prediction. On this
basis, taking the COVID-19 outbreak in March 2020 as a landmark event, we analyzed
the changes in the risk transmission network among stock markets in various countries
when the shock event occurred, so as to identify the risk diffusion path and the source
of the risk center. We draw the following conclusions.

First of all, the volatility of stockmarkets in various countries presents obvious cross-
market spillover characteristics. Moreover, the analysis from the dynamic perspective
finds that the risk spillover network among the stock markets of various countries is
closely related to the current economic situation and the occurrence of social events.
Specific shock events will have an impact on the risk contagion of themarket, making the
total dynamic spillover index rise significantly. The top three countries in the net spillover
effect index of the stock market are the United States, France and the United Kingdom,
indicating that the stock markets of these countries have higher external connectivity
and are at the center of risk spillover. Once local risks arise in the US, France and the
UK, it is easy to have a big impact on other countries through their networks, which will
trigger global stock market shocks.

Secondly, the risk correlation network of each country’s stock market has obvious
"small world" characteristics. The situation of volatility spillover and risk transmission
among stock markets is more complicated under the impact of COVID-19. Through
the analysis of the characteristic indicators of social networks, the degree centrality of
Australia and the United States belongs to the low entry degree to the high degree, which
is less affected by other countries. They are in the core position of the network and have
greater control. China, Germany, France, the United Kingdom, and Italy are countries
with high input-low output-levels, indicating that the volatility of these countries after
the impact of COVID-19 largely depends on the volatility of other countries, and their
fluctuations have little impact on other sample countries.

Finally, through the analysis of the spillover effect of the stock market volatility in
various countries under the impact of COVID-19, it is found that the density of the risk
transmission network in the market after the occurrence of a major emergency is higher
than the overall risk transmission network density, that is, the initial outbreak of a major
health event may lead to investors’ fear, and then trigger the herd effect, which will
aggravate the risk transmission.
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