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ARTICLE INFO ABSTRACT
JEL code: Using a drifting spillover index approach (Diebold and Yilmaz, 2012) and a continuous time-
C32

frequency tool (Torrence and Webster, 1999), this paper attempts an empirical investigation of

F‘;z the spillovers and co-movements among commodity and stock prices in the major oil-producing

G15 and consuming countries. While our results point to the existence of a significant interdependence

Iég'wordl“; among the markets considered, Chinese and Saudi Arabian stock markets seem to be weakly
VID-

integrated into the world market. Moreover, the spillovers are time-varying and reached their

Stock markets highest levels during the COVID-19 medical shock.

Spillover index
Cross-wavelet coherence

1. Introduction

This paper uses two complementary co-movement measures to provide some robust insights into the effect of COVID-19 pandemic
developments on shaping recent stock behavior. First, we use the spillover index (Diebold and Yilmaz, 2012) which is defined in the
time domain, and then implement bivariate squared cross-wavelet coherence (Torrence and Webster, 1999) which is defined in the
time-frequency domain. Our investigation is motivated by the need to explain observed unprecedented financial market reactions.

Baker et al. (2020) highlight that current levels of volatility in the U.S. stock market rival or exceed those observed in October 1987,
December 2008, and even as far back as late 1929 and the early 1930s. Following the latest U.S. stock market crash, stock markets in
Asia and Europe also plunged. The Japanese stock market fell more than 20% from its peak in December 2019." On March 12, 2020,
the FTSE, the U.K.’s main index, fell by more than 10%, making it its worst day since 1987.% Baker et al. (2020) identify three main
factors behind this powerful impact. A first rational explanation is the richness and speed of information dissemination possible
nowadays compared to a century ago, especially news related to the Spanish flu. A second explanation is the severity of the current
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pandemic and its implications for public health and the global economy. The third reason is that the modern economy is characterized
by interdependence and ease of long-distance travel, low communication costs, low transportation costs, etc., which has facilitated the
spread of the virus worldwide. Along these lines, Goodell and Goutte (2020) apply wavelet continuous tools to daily data on world
confirmed deaths from COVID-19 and daily Bitcoin prices to investigate the financial impact of the COVID-19 medical shock. Their
results reveal strong out-of-phase relationships between the daily confirmed COVID-19 deaths and Bitcoin prices over almost the entire
period of study (from December 31, 2019 to April 29, 2020), i.e. that the COVID-19 medical shock caused a decline in Bitcoin prices,
suggesting that during extreme events Bitcoin cannot be considered a safe-haven investment.

Our results show that the COVID-19 pandemic has been producing volatility spillovers since January 2020. Almost half of the
return forecast error variance in all the markets considered stems from spillovers which indicates the huge interdependence among
these markets. In addition, developed countries’ stock markets tend to influence rather than to be influenced by other stock markets
(positive net spillovers) whereas vice versa, developing countries’ stock markets (negative net spillovers). There seems to be a sig-
nificant contagion effect between the spillover index and each of the uncertainty indices. Finally, the co-movement between the
spillover index and the daily confirmed COVID-19 deaths is particularly strong and significant at high frequencies and is low and
insignificant at low frequencies.

The remainder of the paper is organized as follows. Section 2 describes the empirical strategy. Section 3 presents the data and
results. Section 4 concludes the paper.

2. Empirical strategy

Our empirical strategy consists of two complementary co-movement measures: the spillover index (Diebold and Yilmaz, 2012)
which is defined in the time domain, and the bivariate squared cross-wavelet coherence (Torrence and Webster, 1999) which is defined
in the time-frequency domain.

In the first step we use the spillover measure proposed by Diebold and Yilmaz (2012) which allows us to compute the level of
interdependence among a set of financial markets. For a formal specification of spillovers, Diebold and Yilmaz (2009) consider a basic
covariance stationary pth-order N-variable VAR, y, = Z‘i’zl Dy + &, where y = (V16Y25---, YN is a vector of the endogenous var-
iables, ®;,i=1, ..., p, are N x N parameter matrices, and ¢ ~ (0, >")isa N x 1 vector of the independently and identically distributed
disturbances such that E(g;) = 0, E(ete;) =Y and E(e; — §) = 0. The moving average (MA) representation of the VAR is given by y; =
> oAier—i, where the N x N coefficient matrices A; obey the recursion A; = ®14; _ 1 + ®2A; _ 2+ ... + ®pA; _ p, with Ag beingan N x N
identity matrix and with A; = 0 for i < 0. As the elements in ¢, are generally contemporaneously correlated, estimation of the coefficient
matrix A; requires external coefficient restrictions because the computation of the variance decompositions requires orthogonal in-
novations. Diebold and Yilmaz (2012) exploit the generalized VAR framework developed initially by Koop et al. (1996) and extended
by Pesaran and Shin (1998) which produces generalized impulse responses invariant to the variable ordering. The generalized impulse
response function is given by A}-G(i) = ,/0jjAi )_ €}, where , /5y is the standard deviation of the error term for the jth equation and e; is a

N x 1 selection vector which equals 1 for the jth element and zero otherwise. By denoting eg(H) as the H-step-ahead forecast error
variance decompositions, Pesaran and Shin (1998) show that Hg (H) is given by
_IN—H-1[ 1 2
o o (€A e;
g -G T &)
1o (€iAn 2o Aye)
Denoting the normalization of each entry of the of F)g (H) by the row sum (Zjilﬂg (H)) asby @5 (H), Diebold and Yilmaz (2012) define
a spillover index (Sg,) as

~G
ZZ‘:L i#/‘exj (H)
N

Se, = -100 (2)

On average, the S5, spillover index measures the contribution of the volatility spillovers from shocks to all variablesj =1, ..., N to
the H-step-ahead of the total generalized forecast error variance of variables i = 1, ..., N, with i # j.

In the second step we use the bivariate cross-wavelet coherency measure developed by Torrence and Webster (1999) to obtain
accurate frequency and time intervals where spillovers and a set of uncertainty indices move together significantly. To study the
interaction between two time-series of length T, x(t) and y(t), in the time-frequency domain, Torrence and Webster (1999) define the
squared cross-wavelet coherence, Rz(u,s) as

_ {s"ny(u, s)‘2
s—! }W{(u, s){zs*l }Wy(u7 s)‘2

R*(u, s) R (u,8) € [0, 1] 3)

where R%(u,s) is the wavelet squared coherence which ranges between 0 and 1 and can be conceptualized as the local linear correlation
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Fig. 1.. Phase-difference circle.

coefficient between x and y,3 < e > is the smoothing operator in both time (u) and scale )4 Wyy(u,s) is the cross-wavelet transform
(CWT) of x(t) and y(t),5 and s~ is used to convert it to an energy density. WY (u, s)\2 and |Wy(u,s)|2 are the respective wavelet power
spectra of x(t) and y(t).° We rely on Monte Carlo methods to test the statistical significance (See Grinsted et al., 2004). Since the
wavelet squared coherence, R%(u,s), is an absolute value, it can take only positive values, i.e. it cannot distinguish between positive and
negative co-movements. Thus, its interpretation must be associated with that of the wavelet phase-difference (See Torrence and
Compo, 1998).” The phase-differences, @yy(u,s), indicated by black arrows on the wavelet coherence plots (see Fig. 3), show whether
the co-movement between x(t) and y(t) is positive (in-phase relationship) or negative (out-of-phase relationship), and also show the
lead/lag relationship between x(t) and y(t). Fig. 1 summarizes how @4y(u,s) should be interpreted.

The arrows point to the right if x(t) and y(t) move in-phase, and point to the left if x(t) and y(t) move out-of-phase. Upward pointing

arrows indicate that x(t) leads y(t) if they are in-phase, i.e. if by € <0, g) , and that y(t) leads x(t) if they are out-of-phase, i.e. if gy €
(’5’, n) . Downward pointing arrows indicate that y(t) leads x(t) if they are in-phase, i.e. if ¢, € < -5 0), and that x(t) leads y(t) if they

are out-of-phase, iLe. if ¢, € (— m, — g)

3. Data and results
3.1. Data

Our underlying data are daily local-currency stock prices in the four major oil-producing and consuming countries, the Goldman
Sachs commodity index (S&P GSCD),® the U.S. Geopolitical Risk (GPR) index,9 the U.S. Economic Policy Uncertainty (EPU) index,10

% In this study we use the Morlet wavelet and set the central frequency of the wavelet equal to 6 to satisfy the admissibility condition. See Farge
(1992) and Torrence and Compo (1998) for more technical details.

4 () isa scale-parameter which defines the extent to which the wavelet is stretched, and (u) is a control parameter which specifies the time-
position of the wavelet.

5 The CWT highlights time-frequency areas where x(t) and y(t) show a high common power. Torrence and Compo (1998) define the CWT as :

+oo +oo
Wiy (u,s) = W(u, s)Wy(u, s), where Wy(u,s) = / x(t)%y/(?)dt and Wy (u,s) = / y(l)%w(%) dtare the respective continuous wavelet

transforms of x(t) and y(t). The symbol (*) denotes the complex conjugate.
6 |Wyy| is the cross-wavelet power which corresponds to the log, l c?varian e between the two time-series, x(t) and y(t), at each scale s.
7 The wavelet phase-difference is defined as: Pyy(u,s) = tang ! (%m;, where § and R are the imaginary and real parts of the smoothed

CWT, respectively.

8 See appendix Table 1.A. for details of the composition of the S&P GSCI Index.
9 Caldara and Iacoviello’s (2018) GPR index is based on news related to geopolitical tensions resulting from automated text-searches in 11 leading
newspapers.

19 To measure U.S. policy-related economic uncertainty, Baker et al. (2016) construct an index using three types of components: (i) newspaper
coverage of policy-related economic uncertainty from 10 large U.S. newspapers, (ii) number of federal tax code provisions set to expire in future
years, and (iii) disagreement among forecasters on the outlook for inflation and budget balances. The EPU index is normalized to 100; therefore, a
value below 100 reflects a lower than average level of uncertainty.
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Spillovers from stock market return (j) to stock market return (@).
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To (i) From (j) From Others
us SA RU CN CH EU IN COM

Us 37 2.5 6.3 23.6 1.3 17.2 5.8 6.3 63

SA 5.5 73 2.5 5.3 1.1 6 35 3.2 27

RU 9.6 1.3 51.4 9.8 1.7 14.4 5.5 6.2 48.6

CN 22.8 2.7 6.4 36.6 1.4 15.4 6.9 7.7 63.4

CH 4.4 1.1 3 3.9 75.7 4.9 4.2 2.8 24.3

EU 18.3 2.8 10.4 16.3 1.8 37.3 7.5 5.7 62.7

IN 10.3 2.6 6.2 10.7 3 11.2 53.4 2.6 46.6

COM 9.8 1.8 6.7 12.2 1.7 8.4 2.4 57 43

Contr. to others 80.6 14.8 41.5 81.8 12 77.5 35.8 34.5 Spillover index

Contr. incl. own 117.6 87.8 92.9 118.4 87.7 114.9 89.2 91.6 (378.5/800.1)

Net spillovers 17.6 -12.2 -7.1 18.4 -12.3 14.8 -10.8 -85 47.3%

Notes: Table 1 reports the total spillover index and its “input-output” decomposition for the entire sample. Its (i,j)-th elements are the estimated
contributions to the forecast error variance components of the stock market return i coming from shocks to the stock market return j. The total
spillover index for returns, reported in the bottom right of Table 1, is the off-diagonal column (or row) sum relative to the column (or row) sum
including diagonals, expressed as a percentage. Therefore, while the off-diagonal row sums (labeled from others) or column sums (labeled contr. to
others) when totaled across markets, give the numerator of the spillover index, the column sums including diagonals (labelled contr. incl. own) when
totaled, give the denominator of the index.

Fig. 2.. Spillover plot. Notes: RS - right scale; LS
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— 100R10A [LS] — - 200R10A [LS]
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— left scale. To check robustness, the drifting spillover indices were estimated using different

rolling windows (20, 60, 100, 200 and 400 days) and different forecast horizons (5, 10 and 15 days ahead). Results not reported here are available

upon request.
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Fig. 3.. Cross-wavelet coherences. Notes: Time appears on the x-axis, while frequency on the y-axis. The cone of influence (COI) where edge effects

should be considered is shown with a parabola-like lighter shade. The thick black line contours designate the 5% significance level. The color code

for Rz(u,s) ranges from blue (low coherency: R? close to 0) to yellow (high coherency: R2 close to 1). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

and the U.S. Equity Market-related Uncertainty (EMU) index'! and, in line with Goodell and Goutte (2020), the daily confirmed
COVID-19 deaths (to proxy for the COVID-19 medical shock).'? The stock and commodity indices data were collected from Bloom-
berg'® and cover the period January 4, 2010 to May 6, 2020 (a total of 2697 observations); the daily confirmed COVID-19 deaths cover
the period December 31, 2019 to May 6, 2020 (a total of 92 observations). Apart from the uncertainty indices and the daily confirmed
deaths, all the variables are expressed as the first differences of their natural logarithms.

3.2. Spillover analysis

Table 1 shows that the value of the total return spillover index is 47.3%. This value indicates that on average and across the entire
sample, almost half of the return forecast error variance in all the markets considered comes from spillovers, signaling the huge

11 Baker et al. (2016) construct the EMU index based on an analysis of newspaper articles containing terms related to equity market uncertainty.
12 As in 2019, the 4 most important oil-producing countries are the U.S., Saudi Arabia, Russia, and Canada which account respectively for 16.2%,
13%, 12.1% and 5.5% of world production. The 4 largest oil-consuming countries are the U.S., China, the European Union and India which account
respectively for 20.5%, 13.5%, 13.3% and 5.2% of world consumption (BP Statistical Review of World Energy, 2019). According to IMF estimates,
these countries together account for about two-thirds of global GDP based on nominal values, and about half of global GDP based on purchasing
power parity in 2019. Uncertainty indices provide a reliable estimate of the expected volatilities of financial assets which is an important infor-
mation for investment decisions (Ben Amar and Carlotti, 2020).

13 1t should be noted that EPU and EMU come from Baker et al. (2016) and are available at the “policyuncertainty.com” website which provides
other national, regional and global uncertainty indices. The GPR index was designed by Caldara and Iacoviello (2018) and is available at the
“matteoiacoviello.com” website. The COVID-19 data were collected from the European Centre for Disease Prevention and Control (ECDPC).
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Table 1.A
Components of the S&P GSCI index.
Sub-index Weights Included Commodities
Energy 61.67% Crude oil and Natural Gas
Non-energy Agriculture 15.89% Wheat, Corn, Soybeans, Coffee, Sugar, Cacao and Cotton
Livestock 7.25% Lean Hogs, Live Cattle and Feeder Cattle
Industrial Metals 10.65% Aluminum, Copper, Lead, Nickel and Zinc
Precious Metals 4.5% Gold and Silver

Notes: Weights as of May 7, 2020.
Source: www.spindices.com/documents/methodologies/methodology-sp-gsci.pdf.

interdependence among them. While total spillovers are quite high over the entire sample period, directional spillovers display
different intensities. For example, shocks to the U.S. stock market returns are responsible for 22.8% of the error variance in 10-day
forecasts of Canadian returns, and are responsible for 18.3% of the error variance in forecasts of European returns.

Similarly, the directional spillovers “contribution to others” row shows that these spillovers from each of the considered markets
tend to be grouped according to the country’s level of development. In the case of net spillovers which is the difference between “to”
and “from” directional spillovers, there are significant differences based on the country’s level of development. While the stock
markets of developed countries tend to influence rather than to be influenced by other markets (positive net spillover), the stock
markets of developing countries tend to be influenced by rather than to influence other markets (negative net spillover). Also, the
results show that Chinese and Saudi Arabian stock markets are weakly integrated into the world market.

Fig. 2 presents the returns spillover plot. Although it is mainly time-varying, the spillover dynamics highlight that interactions
between markets become even more intense in times of stress. The high level of spillovers that persisted until mid-2010 could be due, at
least in part, to the Gulf of Mexico oil spill caused by an explosion on the Deepwater Horizon oil rig. The spillovers increase observed in
2011 is likely attributable to the uncertain environment especially related to the oil market, induced by the 2011 Arab Spring and
subsequent geopolitical turbulence in the MENA region. The spillover peak recorded in 2015 is most likely explained by the collapse of
the oil price which fluctuated around $50 a barrel. Given that the first confirmed COVID-19 case was reported by the Chinese au-
thorities to the World Health Organization on December 31st, 2019, why did spillovers not exhibit a spike until the end of January
2020? According to Ramelli and Wagner (2020) and Ozili and Arun (2020), investors did not initially consider the risk of leakage of the
COVID-19 outbreak beyond China too seriously. However, after January 20, when the Chinese authorities warned that SARS-CoV-2
could be transmissible between humans, attention to this virus increased dramatically.'*

3.2. Wavelet analysis

In this step, we apply the coherence methodology to accurately assess how the dependence between the time-varying spillovers and
a set of uncertainty indices evolved over time and across frequencies.

Fig. 3 plots the estimated wavelet squared coherences'®, and the phase differences between the spillovers and each of the un-
certainty indices. The color code for wavelet coherencies ranges from blue (weak co-movements: Rz(u,s) close to 0) to red (strong co-
movements: Rz(u,s) close to 1). The wavelet coherencies between the spillover index and each of the uncertainty indices reveal broadly
similar dependency patterns over the entire period and across the different frequencies which suggests that these co-movements are
stable over time. As expected, the high coherencies apply to the entire sample period at high frequencies which highlights a significant
contagion effect on the high speed of propagation between the spillover index and each of the uncertainty indices (Gallegati, 2012;
Ranta, 2013). Additionally, the co-movement between the spillover index and the daily confirmed COVID-19 deaths is particularly
strong (mostly yellow) and significant at high frequencies (1-2 days), and low (blue time-frequency areas) elsewhere. The
phase-differences highlight a consistent positive co-movement between the spillovers and COVID-19, with COVID-19 leading the
spillover index.

4. Conclusion

This paper employed two complementary co-movement measures to examine the effect of COVID-19 pandemic developments on
shaping recent stock behavior. It makes two contributions to the nascent literature on the impact of COVID-19 on financial markets.
First, it is one of the first papers to consider the impact of COVID-19 on financial markets by examining the contagion effect. Second, it
uses recent and rich data to conduct an original statistical analysis of the impact of the COVID-19 pandemic on stock market behavior.
Our results show that half of the return forecast error variance in all the markets considered comes from spillovers which demonstrates
their high level of interdependence. The COVID-19 pandemic generated volatility spillovers from January 2020 to the end of the
observed period and we show that the co-movement between the spillover index and the daily confirmed COVID-19 deaths is

14 Tt is worth noting that the intensity of Google searches on coronavirus increased dramatically after the Chinese authorities’ announcement.
15 Time (January 2010 to May 2020, unless otherwise stated on the maps) is measured on the x-axis, and frequencies (or scale) expressed in years
(unless otherwise stated on the maps) is measured on the y axis — from scale 1 (1-2 days) up to scale 10 (2-4 years); the higher the scale, the lower
the frequency.
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particularly strong and significant at high frequencies and vice versa at low frequencies. The phase differences highlight a consistent
positive co-movement between spillovers and COVID-19, with COVID-19 leading the spillover index.

COVID-19 is having a significant impact on financial markets. Since its effects on health look likely to continue in the near future,
our work needs to be extended to check the robustness of the present results to a longer period of observation. At the same time and
since aggregate analyses may hide some heterogeneities between (and within) financial markets, our work could be extended by
applying firm-level data.
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