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ABSTRACT
This study uses hourly data to analyse the return and volatility
transmission of oil-gold and oil-Bitcoin pairs during the pre-
COVID-19 and COVID-19 periods. The results show that the return
transmissions vary across the two periods for both pairs. There is
a unidirectional volatility spill-over from gold to oil in the pre-
COVID-19 period, and from oil to gold during the COVID-19
period. There is a significant volatility spill-over from Bitcoin to oil
during the pre-COVID-19 period, whereas no evidence of volatility
spill-over between oil and Bitcoin is shown during the COVID-19
period. Based on optimal weights, investors should increase their
investments in, (a) gold for a portfolio of oil-gold, and (b) Bitcoin
for a portfolio of oil-Bitcoin during the COVID-19 period. All
hedge ratios are higher during the COVID-19 period, implying a
higher hedging cost compared to the pre-COVID-19 period. The
results of hedging effectiveness reveal that the risk-adjusted
returns can be improved by constructing a portfolio of oil-gold
and oil-Bitcoin during both sample periods. Further results reveal
that gold is a strong safe haven and a hedge for the oil market,
while Bitcoin serves as a diversifier for the oil market during the
COVID-19 period.
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1. Introduction

The COVID-19 outbreak has adversely affected the price dynamics of many asset
classes (Bouri et al., 2021; Mirza, Rahat, et al., 2020; Yarovaya et al., 2021; Yousaf &
Ali, 2021), including the crude oil market. For example, international Brent oil prices
declined substantially from $66.5/barrel on January 1, 2020, to around $18/barrel on
April 22, 20201, one of the largest drops in 20 years. It is therefore informative to
uncover the information (return and volatility) transmission between the oil and
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other asset classes during the COVID-19 outbreak, because if return/volatility is transmit-
ted from one asset to another during such an unprecedented crisis period, then portfolio
managers should adjust their asset allocation to meet their risk diversification goals, and
financial policymakers should adapt their policies to mitigate the contagion risk.
Moreover, the information transmission between asset classes during crisis periods pro-
vides valuable insights regarding portfolio diversification, optimal hedging, and energy
risk management (Umar et al., 2021). Among the asset classes, gold and Bitcoin have
received particular attention given that they are both considered safe havens during crisis
periods (e.g., Baur & McDermott, 2010; Reboredo, 2013; Yousaf et al., 2021 (for gold);
Shahzad, Bouri, et al., 2019; Bouri et al., 2020 (for Bitcoin)).

Recent studies have investigated the return and/or volatility transmission between oil
and other asset classes such as Bitcoin (Guesmi et al., 2019; Al-Yahyaee et al., 2019; Jin
et al., 2019; Das et al., 2020; Ji et al., 2019; Okorie & Lin, 2020), and gold (Kang et al.,
2017; Bouri, Jain, et al., 2017; Maghyereh et al., 2017; Balcilar et al., 2021; Husain et al.,
2019; Shahzad, Rehman, et al., 2019) during crisis and non-crisis periods. The gold-oil
linkage is well established in academic literature through the safe haven feature of gold
against oil (Reboredo, 2013; Selmi et al., 2018). The relationship between oil and Bitcoin
markets can be explained through the extensive usage of energy in Bitcoin mining. The
annual electrical consumption of Bitcoin mining has increased from 37 TWh on January
1, 2019, to 143 TWh on April 11, 20212, making it larger than the electrical energy usage
of Argentina. In fact, the rise/decline in crude oil prices is expected to affect the cost of
production and value of Bitcoin (Bouri, Jalkh, et al., 2017; Das & Dutta, 2020; Das et al.,
2020), and evidence on the Bitcoin-energy markets’ interrelationships is provided by
Corbet et al. (2021). However, the hedging ability of gold and Bitcoin against the risk of
crude oil have not been explored during the COVID-19 period, although gold and
Bitcoin are considered hedges and/or safe havens during turbulent periods (Baur &
McDermott, 2010; Reboredo, 2013; Yousaf et al., 2021; Shahzad, Rehman, et al., 2019;
Bouri et al., 2020).

In this paper, we examine return and volatility spill-over for the pairs of oil-gold and
oil-Bitcoin during the pre-COVID-19 and COVID-19 periods using the DCC-GARCH
model (Engle, 2002) which has been applied in previous studies covering crisis and non-
crisis periods (Sadorsky, 2012; Yousaf & Ali, 2020b). The main advantages of the DCC-
GARCH model are the positive definiteness of the conditional covariance matrices, and
its ability to estimate time-varying volatilities, covariances, and correlations among assets
in a parsimonious way. Accordingly, time-varying optimal weights, hedge ratios, and
hedging effectiveness for various portfolios can be computed. Furthermore, hedge and
safe haven analyses are performed using the time-varying correlations of the DCC-
GARCH model. To check robustness, return and volatility analysis is undertaken using
the VAR-GARCH model and the BEKK-GARCH model. Notably, the VAR-GARCH
model calculates static correlations (Yousaf & Ali, 2020a), whereas the DCC-GARCH
model can be used to calculate time-varying correlations. Moreover, the hedging effect-
iveness is higher for DCC-GARCH based estimates compared to those based on VAR-
GARCH and BEKK-GARCH models.

Our study contributes to the literature in four ways. Firstly, we examine the return
and volatility spill-over during the pre-COVID-19 and COVID-19 periods. The area
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of integration between financial markets is understudied during the COVID-19 out-
break; therefore, this study provides early insight into this area of research by exam-
ining the integration between oil and other financial markets (gold and Bitcoin)
during the COVID-19 outbreak. Secondly, we use high-frequency data (hourly) for
the return and volatility spill-over analysis for the pairs of oil-gold, and oil-Bitcoin,
which can provide in-depth insights for portfolio managers and traders (Katsiampa
et al., 2019) and useful information about the microstructures of the markets.
Notably, the sample size becomes large due to the use of hourly data, which is also
statistically worthy given that GARCH based models require a large number of obser-
vations to produce reliable estimates . Thirdly, we estimate the time-varying correl-
ation, optimal weights, hedge ratios, and hedging effectiveness in order to provide
useful understanding for portfolio managers about the pre-COVID-19 and COVID-
19 periods. Fourthly, we explore the hedge and safe haven properties of gold against
the oil market during the COVID-19 outbreak, which will help investors identify
hedges and safe havens for the oil market during stressful periods.

The results of the current study reveal that the return transmission varies across
the pre-COVID-19 and COVID-19 periods for the pairs of oil-gold and oil-Bitcoin.
The results reveal a unidirectional volatility spill-over from gold to the oil market
during the pre-COVID-19 period, and oil to the gold market during the COVID-19
period. The volatility spill-over is significant from Bitcoin to oil during the pre-
COVID-19 period. In contrast, there is no evidence of volatility spill-over between oil
and Bitcoin during the COVID-19 period. Based on optimal weights, investors are
encouraged to increase their investments in, (a) gold for the portfolio of oil-gold, and
(b) Bitcoin for the portfolio of oil-Bitcoin during the COVID-19 period. All hedge
ratios are found to be higher during the COVID-19 period, implying a higher hedg-
ing cost during the COVID-19 period as compared to the pre-COVID-19 period. The
results for hedging effectiveness reveal that risk-adjusted returns improve by con-
structing a portfolio of oil-gold and oil-Bitcoin during both sample periods. Lastly,
the diversifier, hedge, and safe haven analyses reveal that gold is a strong safe haven
and hedge for the oil market, whereas Bitcoin serves as a diversifier for the oil market
during the COVID-19 period.

The remaining five sections of this paper are: Sections 2 and 3 consist of the litera-
ture review and empirical methodology, respectively. Section 4 consists of data and
preliminary analysis. Section 5 reports the study’s findings. Lastly, Section 6 provides
the conclusion of the study.

2. Literature review

This section provides an overview of the past literature on the linkages between oil
and gold markets, and oil and Bitcoin markets during crisis and non-crisis periods.

2.1. Oil and gold

Yaya et al. (2016) use the CCC-MGARCH model to study the return transmission
between oil and gold markets before and after the global financial crisis. They find a
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bidirectional return spill-over before the crisis, and unidirectional spill-over from
gold to the oil market after the crisis. Kang et al. (2017) employ the DECO-GARCH
model to investigate the return and volatility transmission between the future markets
of crude oil, gold, silver, wheat, corn, and rice during crisis periods. They provide evi-
dence of bidirectional return and volatility transmission between future markets,
including oil and gold, during the global financial crisis and European sovereign debt
crisis. Mensi et al. (2017) apply the DECO-FIAPARCH model to examine the time-
varying volatility spill-over between crude oil, gold, and Islamic stock indices. They
provide evidence of significant risk transmission between crude oil, gold, and various
Islamic indices, and correlations are found to be higher after the global financial cri-
sis. Dutta et al. (2019) examine the relationship between crude oil and precious metal
markets (gold and silver) using the ARDL and non-linear causality tests. They con-
clude that there is a bidirectional and non-linear causal relationship between oil and
metal markets. Kang et al. (2021) compare the performance of oil and gold against
the US sector equity exchange traded funds (ETFs) and find that oil has a stronger
impact on the US equity ETFs. Adekoya et al. (2021) apply Markov-regime switching
models and show that gold is a hedge against the stock and oil markets during the
pandemic period. Gharib et al. (2021) employ a Granger causality test and report evi-
dence of contagion between gold and oil markets during various crisis episodes,
including the 2015 crash and the COVID-19 outbreak. Mensi et al. (2021) examine
the return spill-overs between the commodity and Chinese equity sectors using a con-
nectedness approach. They find asymmetric return spill-overs between the commodity
and Chinese equity sectors during the global financial crisis, European debt crisis,
and COVID-19 outbreak.

Based on the above literature, it can be noted that none of the studies explore the
return and volatility spill-over between the oil and gold markets during the COVID-
19 period. Therefore, the current study addresses this literature gap using high-fre-
quency (hourly) data.

2.2. Oil and bitcoin

Guesmi et al. (2019) apply the VARMA-DCC-GJR-GARCH model and provide evi-
dence of significant volatility spill-over between Bitcoin and other financial markets,
including the oil market. Moreover, Bitcoin provides hedging and diversification ben-
efits against oil, gold, and emerging stock markets. Using the DCC-GARCH model,
Al-Yahyaee et al. (2019) examine the hedge and diversification characteristics of the
Bitcoin and gold markets against the crude oil and international commodity markets.
They report that both Bitcoin and gold can diversify the risk of crude oil and various
commodity markets. Jin et al. (2019) apply the DCC-GARCH model to examine the
volatility spill-over and correlations between the Bitcoin, gold, and crude oil markets.
They report significant volatility transmission among the three assets, and these vola-
tility effects are stronger from oil and gold to the Bitcoin market. The time-varying
correlations are found to be positive for the pair gold-oil, but negative for the pairs
Bitcoin-oil and Bitcoin-gold. Okorie and Lin (2020) look at the volatility transmission
between oil and ten cryptocurrency markets using the VAR-MGARCH-GJR-BEKK
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model and find that volatility transmission is bidirectional between the Bit Capital
vendor and the oil market. Moreover, unidirectional volatility spill-over is observed
from oil to the Bitcoin cash market. Lastly, volatility transmission is also reported
from Ripple and Ethereum to the oil markets. Das et al. (2020) investigate the hedge
and safe haven characteristics of Bitcoin, gold, and the US dollar against oil implied
volatility. They find that Bitcoin is not superior to gold or the US dollar for hedging
oil-related uncertainties. Zeng et al. (2019) find significant return transmission
between Bitcoin, oil, and gold using a connectedness-based approach. Ji et al. (2019)
show that the information spill-over changes over time, becoming stronger between
cryptocurrencies and other markets such as energy, agriculture, and metals. Huynh
et al. (2020) examine the role of cryptocurrencies in risk management and financial
modelling in the energy market by employing the VAR model. They indicate that
WTI and Brent oil indices are strongly connected with most cryptocurrencies, and
that cryptocurrencies can also be used to diversify the risk of oil markets.

It can be noted from the above-mentioned literature that no previous studies
investigate the return and volatility transmission between oil and Bitcoin during the
COVID-19 period. We address this literature gap using hourly data.

3. Methodology

The econometric specification has two components. The returns are modelled
through vector autoregression (VAR) with one lag. This allows for cross-correlations
and autocorrelations in the returns. Then, the time-varying covariances and variances
are modelled using the DCC-GARCH model. For a robustness check, we use the
VAR-GARCH and BEKK-GARCH models.

3.1. Conditional mean

The VAR model is employed as a conditional mean equation of the DCC-GARCH,
VAR-GARCH, and BEKK-GARCH models. The mean equation is specified as:

Rt ¼ lþ c Rt�1 þ et with et ¼ H1=2
t gt , (1)

where Rt ¼ ðRx
t ,R

y
t Þ� is the vector of returns on the x (oil) and y (gold or Bitcoin)

asset at time t; c refers to a 2� 2 matrix of parameters measuring the influence of
own lagged and cross mean transmissions between two assets; et ¼ ðext , eyt Þ� is the vec-
tor of error terms of the conditional mean equations for the two series at time t;
gt ¼ ðgx

t , gy
t Þ� indicates a sequence of independently and identically distributed ran-

dom errors; and H1=2
t ¼ diag (

ffiffiffiffiffi
hxt

p
,

ffiffiffiffiffi
hyt

p
), where hxt and hyt indicate the conditional

variances of the returns for x and y assets, respectively,

3.2. Conditional variance

The conditional variance equations of DCC-GARCH, VAR-GARCH, and BEKK-
GARCH are specified in the following sections.
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3.2.1. DCC-GARCH model
For two assets x and y, the bivariate DCC-GARCH model has the following specifica-
tion:

Ht ¼ DtRtDt (2)

where Ht represents the conditional covariance matrix; Dt ¼ diag {
ffiffiffiffiffi
hxt

p
,

ffiffiffiffiffi
hyt

p
Þ is the

diagonal matrix of conditional standard deviations for the x and y return series at
time t, obtained from the following univariate GARCH model:

ht ¼ c þ a e2t�1 þ b ht�1 (3)

where c is a constant, ht is the conditional variance; and a and b are the parame-
ters that capture the ARCH and GARCH effects, respectively.

Rt¼ [qxy, t� is the time-varying conditional correlation matrix:

Rt ¼ diag fQtg�1Qtdiag fQtg�1 (4)

where Qt ¼ ½qxy, t� is the unconditional correlation matrix of et and a symmetric
positive definite matrix. The time-varying correlation estimator is extracted by calcu-
lating:

Qt ¼ 1� a� bð ÞQ þ aet�1�et�1 þ bQt�1 (5)

qxy, t ¼
qxy, t

ð ffiffiffiffiffiffiffi
qx, t

p ffiffiffiffiffiffiffi
qy, t

p Þ (6)

where Q indicates the unconditional correlation matrix of standardised residuals.
This model is mean-reverting if aþ<1.

3.2.2. Var-GARCH model
The conditional variance is given by:

ht ¼ X þ Ae2t�1 þ BHt�1 (7)

where Ht denotes the conditional covariance matrix; X, A and B are (2� 2) matrices
of the constant, the ARCH effect, and the GARCH effect, respectively. The ARCH
effect captures, (a) the effects of past own shock on the conditional volatility of the
same series, and (b) the effect of past shocks in one series on the conditional volatil-
ity of other series. The GARCH effect captures, (a) the effects of past own volatility
on the conditional volatility of the same series, and (b) the effect of past volatility in
one series on the conditional volatility of other series.

3.2.3. Bekk-GARCH model
The full BEKK-GARCH model imposes positive definiteness restrictions. It specifies
Ht as:
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Ht ¼ CˊC þ Aˊet�1e
ˊ
t�1A þ BˊHt�1B (8)

where C ¼ c11 0
c21 c22

� �
, A ¼ a11 a12

a21 a22

� �
, B ¼ b11 b12

b21 b22

� �
and Ht denotes the

conditional variance-covariance matrix. The elements of matrix A indicate the coeffi-
cients of the ARCH term, which capture, (a) the effects of past own shock on the
conditional volatility of the same series, and (b) the effect of past shocks in one series
on the conditional volatility of other series. The elements of matrix B represent the
coefficients of the GARCH term, which captures, (a) the effects of past own volatility
on the conditional volatility of the same series, and (b) the effect of past volatility in
one series on the conditional volatility of other series.

3.3. Optimal weights and hedge ratios

The variances and covariances of the DCC-GARCH, VAR-GARCH, and BEKK
GARCH models are used to estimate the optimal portfolio weights and hedge ratios.
The optimal portfolio weights for the pairs of markets (x, y) are:

wxy, t ¼
hy, t�hxy, t

hx, y � 2hxy, t þ hy, t
9ð Þ

wxy, t ¼
0, If Wxy, t<0
wxy, t, If 0 � wxy, t � 1
1, If wxy, t>1

8<
:

where wxy, t is the weight of x asset in a one-dollar portfolio of x and y assets at time
t, hxy, t is the conditional covariance between the x and y assets, hx, t and hy, t are the
conditional variance of x and y assets, respectively, and 1-wxy, t is the weight of y asset
in a one-dollar portfolio of x and y assets.

It is also essential to estimate the risk-minimizing optimal hedge ratios for the
portfolio of pairs of assets. We calculate the optimal hedge ratios as:

bxy, t ¼
hxy, t
hy, t

(10)

where bxy, t represents the hedge ratio. This shows that a short position in the y asset
can hedge a long position in the x asset.

3.4. Hedging effectiveness

We consider the hedging effectiveness (HE) to compare the performances of optimal
portfolios. If HE is equal to 1 (less than 1) then the hedge is perfect (not perfect),
and if HE ¼ 0 there is no hedging effect. Thus, a higher HE score shows a higher
risk reduction. We estimate HE as:
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HE ¼ varianceUnhedged � variancehedged
varianceUnhedged

(11)

where varianceUnhedged represents the variance of the unhedged portfolio (x asset only)
returns, and variancehedged indicates the variation in the returns for the portfolio of x
and y assets, specified as:

Variancehedged, t ¼ ðwxytÞ2hx, t þ ð1� wxy, tÞ2hy, t þ 2 wxy, tð1�wxy, tÞhxy, t (12)

where, wxy, t is the weight of asset x in a one-dollar portfolio of x and y assets at time
t, hSG, t is the conditional covariance between x and y assets, hx, t and hy, t represent
the conditional variance of the x and y assets, respectively, and 1-wxy, t is the weight
of the y asset in a one-dollar portfolio of x and y assets.

3.5. Diversifier, hedge, and safe haven properties

Ratner and Chiu (2013) use the DCC-GARCH model to refine the methodology of
Baur and McDermott (2010) and propose a new way to examine the properties of a
safe haven, hedge, and diversifier. Accordingly, the following regression is estimated
to examine the safe haven and hedge properties of asset y against asset x during the
COVID-19 crisis:

DCCt ¼ c0 þ c1DðCOVID� 19Þ (13)

where D represents the dummy variable, which is equal to 1 during the COVID-19
crisis and zero otherwise. Asset y is a diversifier for asset x if c0 is positively signifi-
cant (not equal to 1). Asset y is a weak hedge for asset x if c0 is insignificant, or a
strong hedge if c0 is negatively significant. Asset y is a weak/strong safe haven if c1 is
insignificant/negatively significant.

4. Data and preliminary analysis

4.1. Data

The hourly price data of oil, gold, and Bitcoin are used for two sample periods, the
pre-COVID-19 period (hourly data from May 21, 2019 to December 31, 2019) and the
COVID-19 period (hourly data from January 1, 2020 to May 20, 2020). As the weekly
trading days and all daily trading hours are different for oil, gold, and Bitcoin markets,
we use common weekdays and daily trading hours of all markets for analysis.
Following Corbet et al. (2020), Rizvi, Yarovaya, et al. (2020), Yarovaya, Mirza, Rizvi, &
Naqvi, (2020), and Mirza, Naqvi, et al. (2020), the COVID-19 period is considered to
be from January 1, 2020, because the Chinese authorities closed the Huanan seafood
market after detecting a few cases there on January 1, 2020. Moreover, the new disease,
which was later named COVID-19, was formally reported to the World Health
Organization on January 1, 2020 (Mirza, Hasnaoui, et al., 2020; Rizvi, Mirza, et al.,
2020; Yarovaya, Mirza, Rizvi, Saba, et al., 2020). We use Brent spot prices and gold
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spot prices. The Brent spot prices are used as a proxy for international crude oil prices
for around two-thirds of the international oil trade (Yousaf & Hassan, 2019)3. The
hourly data of oil and gold are taken from Thomson Reuters, whereas the hourly price
data of Bitcoin are taken from Bittrex. All prices are in US dollars.

4.2. Preliminary analysis

Figure 1 presents the hourly prices of oil, gold, and Bitcoin (BTC). It can be observed
that oil prices remain almost stable in the pre-COVID-19 period, but sharply decline
during the COVID-19 period. Gold prices, on average, show an upward trend during
the pre-COVID-19 period and the COVID-19 period. Moreover, Bitcoin prices
decline during the pre-COVID-19 period, but reveal an upward trend during the first
half of the COVID-19 period then decline sharply and again show an upward trend
during the second half of the COVID-19 period. Overall, COVID-19 adversely affects
the oil market, but positively affects the gold and Bitcoin markets. Therefore, it is
insightful to examine the pairs of oil-gold and oil-Bitcoin during the COVID-19
period. Figure 2 shows the volatility clustering in the returns of the oil, gold, and
Bitcoin markets during the pre-COVID-19 period, and peaks of volatility clustering
can be observed in all returns during the COVID-19 period.

Table 1 provides the descriptive statistics of the three return series in the pre-
COVID-19 period (Panel A) and during the COVID-19 period (Panel B). During
both periods, the average returns of the oil market are negative whereas the average
returns of gold are positive. However, gold returns are higher during the COVID-19
period. In contrast, the mean returns of Bitcoin are negative in the pre-COVID-19
period, but positive during the COVID-19 period. The unconditional volatility of all
return series is higher during the COVID-19 period. Gold provides higher returns
with lower risk during both periods. The returns are skewed to the left (in most
cases), and the kurtosis is higher than 3. The Jarque-Bera statistics reject the normal-
ity hypothesis. There are significant autocorrelation and ARCH effects in all returns
during both sample periods. The presence of ARCH effects justifies the use of
GARCH-based models to account for the presence of heteroskedasticity in the return
series. Results of the augmented Dickey-Fuller (ADF) test indicate that all return ser-
ies are stationary during both periods.

Table 2 provides the correlation matrix for the pairs oil-gold, oil-BTC, and gold-
BTC. In the pre-COVID-19 period, the unconditional correlations are positive for the
pairs oil-BTC and gold-BTC, but negative for the pair oil-gold. During the COVID-

Figure 1. Hourly prices of oil, gold, and Bitcoin.
Source: Authors’ calculations.
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19 period, the unconditional correlations are positive for the pair oil-BTC, but nega-
tive for the oil-gold pair and gold-BTC pair. There is a higher degree of association
between all pairs during the COVID-19 period, which can be explained by the higher
uncertainty in the financial markets during the crisis which leads to similar kinds of
investors behaviour (herding) in various markets and ultimately a rise in the correla-
tions between assets (Yousaf et al., 2018).

5. Empirical results

5.1. Return and volatility spillovers

To examine the return and volatility spill-overs between the oil-gold and oil-BTC
pairs, we mainly use the dynamic conditional correlations-generalised autoregressive
conditional heteroskedasticity (DCC-GARCH) model. The selection of the DCC-
GACH model is based on its higher hedging effectiveness score and lower Akaike

Figure 2. Hourly returns of oil, gold, and Bitcoin.
Source: Authors’ calculations.

Table 1. Descriptive statistics.
Panel A: Pre-COVID-19 period (May 21, 2019 to December 31, 2019)

Mean Maximum Minimum Std. Dev. Skewness Kurtosis Jarque-Bera Q-stat (18) ARCH ADF

OIL �0.0024 12.687 �6.009 0.460 4.824 179.844 462794a 54.873 a 12.464b �58.764a

GOLD 0.0050 1.372 �2.276 0.181 �0.294 18.451 35276.2a 29.356b 130.652a �60.976a

BTC �0.0029 9.342 �13.691 0.983 �0.855 34.027 142468a 38.433a 13.552a �58.625a

Panel B: COVID-19 period (May 1, 2020 to May 20, 2020)

Mean Maximum Minimum Std. Dev. Skewness Kurtosis Jarque-Bera Q-stat (18) ARCH ADF

OIL �0.0303 16.375 �23.503 1.415 �1.095 56.883 262708a 57.044a 18.630a �45.965a

GOLD 0.0061 2.677 �3.174 0.312 �0.351 16.469 16431.9a 65.529a 70.709a �47.759a

BTC 0.0142 18.352 �18.772 1.311 �2.491 74.703 466677a 140.99a 49.369a �10.121a

Notes: BTC (Bitcoin). Q-stat denotes the Ljung–Box Q-statistics. ARCH test refers to the LM-ARCH test of Engle (1982).
ADF refers to the augmented Dickey-Fuller test. a,b,c indicate statistical significance at 1%, 5% and 10% respectively.
Source: Authors’ calculations.

Table 2. Correlation matrix.
Pre-COVID-19 period (May 21, 2019 to December 31, 2019) COVID-19 period (May 1, 2020 to May 20, 2020)

OIL GOLD BTC OIL GOLD BTC

OIL 1 OIL 1
GOLD �0.124a 1 GOLD �0.029a 1
BTC 0.026a 0.028a 1 BTC 0.115a �0.047a 1

Notes: BTC (Bitcoin). a,b,c indicate statistical significance at 1%, 5%, and 10% respectively.
Source: Authors’ calculations.
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information criterion (AIC) values, compared to the two competing models, the vec-
tor autoregressive moving average-generalized autoregressive conditional heteroske-
dasticity (VAR-GARCH) model and the Baba, Engle, Kraft and Kroner-generalized
autoregressive conditional heteroskedasticity (BEKK-GARCH) model. The results are
reported in Tables 3, 4, 5 and 6. We note significant autocorrelation and ARCH
effects for the returns of oil, gold, and Bitcoin, as shown in Table 1, hence we employ
DCC-GARCH, VAR-GARCH, and BEKK-GARCH models in our analysis.

5.1.1. Oil and gold
The results for the return and volatility spill-over between the oil and gold markets
in the pre-COVID-19 period and during COVID-19 are reported in Table 3 and
Table 4, respectively. Panel A of Table 3 and Table 4 reveal that the lagged returns
are not significantly influenced by the current returns in the oil market during either
period. For gold, past returns significantly affect the current returns only during the

Table 3. Return and volatility spill-overs for the pair oil-gold in the pre-COVID-19 period (May 21,
2019 to December 31, 2019).

DCC-GARCH VAR-GARCH BEKK-GARCH

OIL GOLD OIL GOLD OIL GOLD

Panel A. Mean Equation
Constant �0.003 0.004b �0.002 0.004b Constant �0.002 0.004c

0.503 0.040 0.699 0.045 0.725 0.061
rot�1 �0.007 0.008 �0.006 0.008 rot�1 �0.012 0.006

0.698 0.344 0.749 0.216 0.423 0.406
rgt�1 �0.078c �0.002 �0.071 �0.002 rgt�1 �0.094b 0.003

0.067 0.902 0.102 0.922 0.033 0.881
Panel B. Variance Equation

C 0.174a

0.000
Constant 0.025a 0.003a 0.025a 0.003a �0.015a 0.008a

0.000 0.007 0.000 0.000 0.000 0.000
ðeot�1Þ2 0.163a 1.080a 0.165a 1.094a A 0.397a 0.008

0.000 0.000 0.000 0.000 0.000 0.389
ðegt�1Þ2 0.018a 0.134a 0.017a 0.129a 0.564a 0.170a

0.000 0.000 0.000 0.000 0.000 0.000
hot�1 0.439a 0.186 0.462a 0.067 B 0.741a 0.017

0.000 0.618 0.000 0.683 0.000 0.500
hgt�1 �0.060a 0.997a �0.054a 0.981a �0.057a 0.986a

0.000 0.000 0.000 0.000 0.000 0.000
Correlations
;1 0.005a �0.1821

0.000 0.000
;2 0.993a

0.000
Panel D. Diagnostic Tests
LogL 678.145 663.095 503.301
AIC 6.824 6.826 6.155
Q½20� 39.091a 11.729 38.807 11.609 39.714 11.287

0.007 0.925 0.007 0.929 0.005 0.938
Q2½20� 7.913a 31.595 7.432 33.041 8.582 38.575

0.273 0.048 0.268 0.033 0.280 0.000

Notes: The number of lags for VAR is decided using SIC and AIC criteria. Q(20), and Q2(20) indicate the empirical sta-
tistics of Ljung-Box Q statistics of order 20 for autocorrelation applied to the standardised residuals and squared
standardised residuals, respectively. Values in parentheses are the P-values. a,b,c indicate statistical significance at
1%, 5% and 10% respectively.
Constant conditional correlation
Source: Authors’ calculations.
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COVID-19 period. This finding highlights the possibility of short-term prediction of
current returns through past returns in the gold market during the COVID-19
period. The findings regarding the cross return spill-overs (Panel A) in the mean
equation, show that the return transmission is unidirectional from gold to the oil
market during the pre-COVID-19 period. The results support Yaya et al. (2016) who
find that the return transmission is unidirectional from gold to the oil market during
non-crisis periods. Therefore, lagged gold returns are useful in forecasting current oil
returns during non-crisis periods. During the COVID-19 period, the return spill-over
is not significant between the oil and gold markets.

The variance equation (Panel B) reveals that past shocks significantly influence the cur-
rent conditional volatility in the oil and gold markets during both sample periods. Past
volatility significantly affects the current conditional volatility in the oil and gold markets
during both periods. However, the coefficients of past own volatility are higher than the
coefficients of past own shocks, implying that past own volatilities are a more important

Table 4. Return and volatility spill-overs for the pair oil-gold during the COVID-19 period (January
1, 2020 to May 20, 2020).

DCC-GARCH VAR-GARCH BEKK-GARCH

OIL GOLD OIL GOLD OIL GOLD

Panel A. Mean Equation
Constant �0.016 0.006 �0.015 0.008 Constant �0.018 0.008c

0.249 0.139 0.173 0.121 0.187 0.091
rot�1 �0.003 �0.003 �0.009 �0.001 rot�1 0.001 �0.004

0.889 0.522 0.784 0.940 0.965 0.418
rgt�1 �0.004 �0.080a �0.022 �0.074a rgt�1 0.018 �0.077a

0.954 0.000 0.747 0.006 0.771 0.007
Panel B. Variance Equation

C 0.012
0.759

Constant 0.002 0.000 0.002 0.000 0.001 0.016a

0.213 0.135 0.183 0.063 0.953 0.000
ðeot�1Þ2 0.037b 0.243b 0.036a 0.232b A 0.177a 0.015

0.019 0.026 0.003 0.011 0.000 0.252
ðegt�1Þ2 0.000 0.036a 0.000 0.033a 0.014 0.200a

0.198 0.001 0.220 0.000 0.189 0.000
hot�1 0.960a �0.202c 0.961a �0.200c B 0.985a �0.002b

0.000 0.094 0.000 0.080 0.000 0.049
hgt�1 0.000 0.960a 0.000 0.963a 0.032b 0.978a

0.266 0.000 0.300 0.000 0.022 0.000
Panel C. Correlations
;1 �0.032a �0.034

0.000 0.253
;2 0.966a

0.000
Panel D. Diagnostic Tests
LogL �2481.2 �2555.5 �2488.6
AIC 6.270 6.271 6.273
Q½20� 39.248a 24.511 39.604a 24.218 38.182a 23.193

0.006 0.221 0.006 0.233 0.008 0.279
Q2½20� 10.943 20.874 11.081 21.849 15.511 21.337

0.948 0.405 0.944 0.349 0.746 0.378

Notes: The lag length for VAR is decided using SIC and AIC criteria. Q(20), and Q2(20) indicate the empirical statistics
of Ljung-Box Q statistics of order 20 for autocorrelation applied to the standardised residuals and squared standar-
dised residuals, respectively. Values in parentheses are the P-values. a,b,c indicate statistical significance at 1%, 5%
and 10% respectively.
Source: Authors’ calculations.
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factor in predicting the current volatilities than past own shocks during both periods.
Based on the cross-market shock transmission, the shock spill-over is bidirectional
between oil and the gold market during the pre-COVID-19 period, whereas unidirectional
shock spill-over exists from oil to the gold market during the COVID-19 period.

The cross-market volatility transmission is unidirectional from gold to the oil mar-
ket during the pre-COVID-19 period. This result is similar to the findings of Husain
et al. (2019), who find a volatility spill-over from gold to the crude oil market during
non-crisis periods. In contrast, the volatility spill-over is unidirectional from oil to
the gold market during the COVID-19 period. This implies that the past volatility of
gold (oil) is an important factor in forecasting the risk of the oil (gold) market during
non-crisis (crisis) periods.

5.1.2. Oil and bitcoin
Results for the return and volatility transmissions between oil and Bitcoin are
reported for the pre-COVID-19 period (Table 5) and COVID-19 period (Table 6).

Table 5. Return and volatility linkages for the pair oil-BTC during the pre-COVID-19 period (May
21, 2019 to December 31, 2019).

DCC-GARCH VAR-GARCH BEKK-GARCH

OIL BTC OIL BTC OIL BTC
Panel A. Mean Equation
Constant 0.000 �0.012 0.000 �0.015 Constant 0.001 �0.014

0.826 0.179 0.962 0.181 0.897 0.244
rot�1 0.000 0.051c 0.001 0.060b rot�1 0.005 0.040

0.772 0.064 0.950 0.030 0.789 0.117
rbt�1 0.001 �0.026 0.003 �0.025 rbt�1 0.004 �0.019

0.734 0.359 0.687 0.360 0.512 0.367
Panel B. Variance Equation

C 0.187a

0.000
Constant 0.031a �0.011b 0.032a �0.012c �0.041 0.069b

0.000 0.035 0.000 0.069 0.280 0.042
ðeot�1Þ2 0.226a 0.001 0.228a 0.003 A 0.456a �0.075

0.000 0.187 0.000 0.358 0.000 0.110
ðebt�1Þ2 �0.125a 0.027a �0.126a 0.028a �0.035b 0.168a

0.000 0.000 0.000 0.005 0.022 0.000
hot�1 0.536a 0.000 0.531a 0.000 B 0.728a 0.087

0.000 0.861 0.000 0.964 0.000 0.361
hbt�1 0.263a 0.958a 0.264a 0.959a 0.013b 0.978a

0.000 0.000 0.000 0.000 0.023 0.000
Correlations
;1 �0.018a 0.019

0.000 0.224
;2 �0.050

0.168
Panel D. Diagnostic Tests
LogL �5076.453 �5088.395 �5097.360
AIC 6.154 6.298 6.155
Q½20� 45.005a 16.196 44.911a 15.964 44.369a 15.686

0.001 0.704 0.001 0.719 0.001 0.736
Q2½20� 13.968 17.898 14.353 17.950 17.226 18.377

0.387 0.594 0.371 0.591 0.368 0.563

Notes: lag length for VAR is decided using SIC and AIC criteria. Q(20), and Q2(20) indicate the empirical statistics of
Ljung-Box Q statistics of order 20 for autocorrelation applied to the standardised residuals and squared standardised
residuals, respectively. Values in parentheses are the P-values. a,b,c indicate statistical significance at 1%, 5% and
10% respectively.
Source: Authors’ calculations.

ECONOMIC RESEARCH-EKONOMSKA ISTRAŽIVANJA 1925



Based on the mean equation (Panel A), the findings reveal that the influence of
lagged returns on current returns is not significant for the oil and Bitcoin markets
during both periods, implying that short-term prediction of current returns is not
possible through past returns in the oil and Bitcoin markets regardless of the sample
period. Concerning cross-market transmissions (Panel A), the results reveal unidirec-
tional return transmission from oil to the Bitcoin market during the pre-COVID-19
period. These results are similar to the findings of Symitsi and Chalvatzis (2018),
which indicate that the return spill-over is significant from the energy market to the
Bitcoin market during non-crisis periods. Conversely, the return transmission is uni-
directional from Bitcoin to oil during the COVID-19 period. Overall, the return spill-
overs are different during the pre-COVID-19 period and the COVID-19 period.

The results of the variance equation (Panel B) show that the coefficient of past
own shocks is significant in the oil and Bitcoin markets during both sample periods.
In addition, the coefficient of past own volatilities is significant in the oil and Bitcoin
markets during both periods. However, the coefficients of past own volatility are

Table 6. Return and volatility linkages for the pair oil-BTC during the COVID-19 period (January 1,
2020 to May 20, 2020).

DCC-GARCH VAR-GARCH BEKK-GARCH

OIL BTC OIL BTC OIL BTC

Panel A. Mean Equation
Constant �0.012 0.027c �0.013 0.020 Constant �0.014 0.035b

0.367 0.071 0.270 0.118 0.254 0.026
rot�1 0.001 �0.009 �0.016 �0.009 rot�1 �0.004 �0.009

0.968 0.571 0.600 0.705 0.848 0.486
rbt�1 0.054a �0.023 0.049a �0.017 rbt�1 0.052a �0.012

0.000 0.335 0.009 0.528 0.000 0.640
Panel B. Variance Equation

C �0.046b

0.011
Constant �0.004 0.058 0.000 0.074 0.055 0.162

0.566 0.191 0.937 0.209 0.297 0.314
ðeot�1Þ2 0.060a �0.007 0.028b �0.001 A 0.232a �0.003

0.000 0.270 0.029 0.860 0.000 0.923
ðebt�1Þ2 �0.010a 0.102c �0.016c 0.054 �0.012 0.231

0.002 0.077 0.059 0.110 0.115 0.160
hot�1 0.938a 0.020 0.951a 0.003 B 0.974a 0.002

0.000 0.338 0.000 0.763 0.000 0.808
hbt�1 0.022 0.793a 0.050 0.788a 0.005 0.950a

0.264 0.000 0.387 0.000 0.426 0.000
Correlations
;1 0.028a 0.042

0.000 0.146
;2 0.185

0.584
Panel D. Diagnostic Tests
LogL �5231.772 �5225.422 �5261.267
AIC 7.656 7.659 7.658
Q½20� 35.596b 14.638 35.143b 14.887 36.077b 13.710

0.017 0.797 0.019 0.782 0.015 0.845
Q2½20� 7.245 5.833 7.151 5.951 7.997 7.112

0.996 0.999 0.996 0.998 0.992 0.996

Notes: The number of lags for VAR is decided using SIC and AIC criteria. Q(20), and Q2(20) indicate the empirical sta-
tistics of Ljung-Box Q statistics of order 20 for autocorrelation applied to the standardised residuals and squared
standardised residuals, respectively.
Values in parentheses are the P-values. a,b,c indicate statistical significance at 1%, 5% and 10% respectively.
Source: Authors’ calculations.
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higher than the coefficients of past own shocks during both periods, suggesting that
past own volatility is a more important factor in determining the current conditional
volatility than the coefficient of past own shock. Regarding the cross-market shock
spill-over, there is a unidirectional shock transmission from Bitcoin to the oil market
during both pre-COVID-19 and COVID-19 periods.

Concerning the cross-market volatility transmission (Panel B), the results show evi-
dence of a one-way directional volatility transmission from Bitcoin to the oil market
during the pre-COVID-19 period. This result concords with Okorie and Lin (2020)
who find that the volatility transmission is unidirectional from cryptocurrencies to
the crude oil market. As volatility transmission is unidirectional, the result shows that
the past volatility of Bitcoin is an important factor in forecasting the risk of the oil
market during the non-crisis period. Conversely, there is no evidence of volatility
transmission between oil and the Bitcoin market during the COVID-19 period, sug-
gesting that investors can get the maximum benefit of diversification by investing in
a portfolio of oil and Bitcoin during the COVID-19 period.

5.2. Time-varying conditional correlations

Figure 3 shows the time-varying correlations for the pairs oil-gold and oil-Bitcoin in the
pre-COVID-19 and COVID-19 periods (highlighted area). For the pair oil-gold, it can
be noted that the time-varying correlations are, on average, higher during the COVID-
19 period. This result is similar to Barun�ık et al. (2016) who report a higher correlation
between the gold and oil markets during crisis periods. For the pair oil-Bitcoin, the
time-varying correlations are stable during the pre-COVID-19 period but fluctuate a lot
during the COVID-19 period. The time-varying correlations between oil and Bitcoin are
higher during the COVID-19 period. The higher correlations for both pairs during the
COVID-19 outbreak can be attributed to the changes in the beliefs of investors, which
become more homogeneous following heightened uncertainty in the financial markets.

5.3. Optimal weights and hedge ratios

The optimal weights and hedge ratios for the pairs oil-gold and oil-BTC in the pre-
COVID-19 period and during the COVID-19 period are presented in Table 7. For

Figure 3. Pairwise dynamic conditional correlations.
Source: Authors’ calculations.
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the oil-gold pair, the optimal weight is 0.20 during the pre-COVID-19 period, sug-
gesting that for a $1 portfolio of oil-gold, 20 cents should be invested in oil and the
remaining 80 cents in gold. However, investors should decrease their investment in
oil for a portfolio of oil-gold during the COVID-19 period given that the optimal
weight is reduced to 0.09. For the pair oil-BTC, the optimal weights are lower during
COVID-19 than the pre-COVID-19 period, suggesting that investors should decrease
their investment in oil in a portfolio of oil-BTC during the COVID-19 outbreak.

Figure 4 represents the time-varying hedge ratios for the pairs oil-gold and oil-
BTC during both periods. The summary results from Table 7 show that the optimal
hedge ratio is �0.41 for the pair oil-gold, suggesting that a $1 long position in oil
can be hedged for 41 cents with a long position in gold during the pre-COVID-19
period. However, the optimal hedge ratio is 0.07 for the pair oil-gold during the
COVID-19 period, implying that a $1 long position in oil can be hedged for 7 cents
with a short position in gold. These results imply that hedging oil through gold is
more expensive during the COVID-19 period. For the pair oil-BTC, the optimal
hedge ratios are higher during the COVID-19 period, suggesting that more Bitcoin is
needed to minimise the risk of oil. It follows that the cost of hedging oil risk through
Bitcoin is higher during the COVID-19 period.

5.4. Results of HE

We present in Table 8 the results of the HE of gold and Bitcoin for the oil market in
the pre-COVID-19 and COVID-19 periods. The HE is computed based on the
optimal weights and hedge ratios of our main models, the DCC-GARCH, and the
competing VAR-GARCH and BEKK-GARCH models. Table 8 shows that the risk-
adjusted returns improve by constructing a portfolio of oil-gold and oil-BTC during
the pre-COVID-19 period and the COVID-19 period, which is consistent with the
findings of Guesmi et al. (2019), and Al-Yahyaee et al. (2019). The DCC-GARCH
model provides the best risk-adjusted return ratio for the portfolio of oil-gold during
the COVID-19 period. However, the VAR-GARCH model provides higher hedging
effectiveness for a portfolio of oil-gold during the pre-COVID-19 period.
Furthermore, the DCC-GARCH model provides higher hedging effectiveness during
both sample periods4. Lastly, the hedging effectiveness is higher during the COVID-

Table 7. Optimal weights and hedge ratios.
OIL/GOLD OIL/BTC

DCC-GARCH VAR-GARCH BEKK-GARCH DCC-GARCH VAR-GARCH BEKK-GARCH

Panel A: Pre-COVID-19 (May 21, 2019 to
December 31, 2019)

Panel C: Pre-COVID-19 (May 21, 2019 to
December 31, 2019)

wOG
t 0.20 0.20 0.21 wOB

t 0.79 0.79 0.80
bOGt �0.41 �0.43 �0.44 bOBt 0.01 0.01 0.00
Panel B: COVID-19 (May 1, 2020 to May 20, 2020) Panel D: COVID-19 (May 1, 2020 to May 20, 2020)
wOG
t 0.09 0.09 0.10 wOB

t 0.47 0.47 0.47
bOGt 0.07 0.06 0.04 bOBt 0.03 0.01 0.02

Note: wt and bt refer to the optimal weights and hedge ratios, respectively. In superscript, O, G, B represent oil,
gold, and Bitcoin, respectively.
Source: Authors’ calculations.
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19 period than the pre-COVID-19 period for portfolios of both oil-gold and
oil-Bitcoin.

5.5. Hedge and safe haven properties during COVID-19

The hedge and safe haven properties of gold and Bitcoin against the crude oil market
are estimated during the COVID-19 period. The results are reported in Table 9. They
reveal that the coefficient c0 is negative and significant for gold, suggesting that gold
is a strong hedge for the oil market during the COVID-19 period. The coefficient of
c1 is negatively significant for gold, suggesting that gold serves as a safe haven against
the oil market during the COVID-19 period. Gold has intrinsic value and has been
used as a store of value over centuries, especially during war, turbulent, and crisis
periods. Our results confirm the safe haven features of gold against oil during the
COVID-19 period. The coefficient of c0 is significant and positive for Bitcoin, sug-
gesting that Bitcoin serves as a diversifier. On the other hand, the coefficient of c1 is

Figure 4. Time-varying hedge ratio.
Source: Authors’ calculations.

Table 8. Hedging effectiveness (HE) results.
OIL/GOLD OIL/BTC

DCC-GARCH VAR-GARCH BEKK-GARCH DCC-GARCH VAR-GARCH BEKK-GARCH

Panel A: Pre-COVID-19 (May 21, 2019 to
December 31, 2019)

Panel C: Pre-COVID-19 (May 21, 2019 to
December 31, 2019)

HE (%) 86.85 86.88 86.78 HE (%) 17.69 17.28 17.66
Panel B: COVID-19 (May 1, 2020 to May 20, 2020) Panel D: COVID-19 (May 1, 2020 to May 20, 2020)
HE (%) 94.10 94.05 94.02 HE (%) 61.04 60.56 61.02

Note: This table presents the results of hedging effectiveness (HE) of gold and Bitcoin for the oil market in
both periods.
Source: Authors’ calculations.

Table 9. Estimation results for the hedge and safe haven properties of gold and Bitcoin against
oil during the COVID-19 period.

Hedge ( c0Þ Safe haven ( c1Þ
Gold �0.124a �0.122a

Bitcoin 0.084a 0.002

Note: The results reported in this table are estimated based on Equation (13). a indicates statistical significance at
the 1% level.
Source: Authors’ calculations.
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positive and significant for Bitcoin, implying that Bitcoin is not a safe haven for the
oil market during the COVID-19 period. Our results are comparable to previous fin-
ings. For example, Conlon et al. (2020) find that Bitcoin is not a safe haven for the
international equity markets during COVID-19. Conversely, Goodell and Goutte
(2021) find that COVID-19 has led to a rise in Bitcoin prices.

6. Conclusion

The COVID-19 outbreak has adversely affected human life. The financial markets
have been hit hard, including the oil market which declined sharply following the
COVID-19 outbreak. For the sake of diversification, hedging, and portfolio risk man-
agement, we investigate in this study the return and volatility transmission between
the pairs oil-gold and oil-Bitcoin using various multivariate GARCH models. We also
estimate the optimal weights, hedging ratios, and hedging effectiveness for oil-gold
and oil-Bitcoin portfolios during both sample periods and study the hedge and safe
haven properties of gold and Bitcoin for the oil market during the COVOD-
19 period.

Several interesting results emerge from our analyses. Firstly, the results involving
return spill-overs show different patterns during the pre-COVID-19 period and
COVID-19 period for both oil-gold and oil-Bitcoin pairs. Lagged gold returns can be
used in forecasting current oil returns during the pre-COVID-19 period only.
Furthermore, a unidirectional return transmission exists from oil to Bitcoin during
the pre-COVID-19 period, whereas the transmission is significant from Bitcoin to the
oil market during the COVID-19 period. Secondly, the results involving volatility
spill-overs reveal a unidirectional volatility spill-over from gold to the oil market dur-
ing the pre-COVID-19 period, whereas a unidirectional volatility spill-over exists
from oil to the gold market during the COVID-19 period. The volatility spill-over
effect runs from Bitcoin to oil during the pre-COVID-19 period only, suggesting that
investors can diversify their portfolios by constructing portfolios of oil and Bitcoin
during the COVID-19 outbreak. Thirdly, the analysis of optimal weights reveals that
investors should increase their investment in gold (Bitcoin) for the portfolio of oil-
gold (oil-Bitcoin) during the COVID-19 period, compared to the pre-COVID-19
period. Further results from the hedge ratios indicate that more gold and Bitcoin are
needed to minimise the risk of oil during the COVID-19 period than the pre-
COVID-19 period. Fourthly, risk-reduction can be improved by constructing a port-
folio of oil-gold and oil-Bitcoin during both periods. Moreover, the hedging effective-
ness of both portfolios is higher during the COVID-19 period. Fifthly, we reveal that
gold is a strong hedge and safe haven for the oil market, whereas Bitcoin is a diversi-
fier for the oil market during the COVID-19 period.

Overall, our findings provide useful information for portfolio managers and policy-
makers regarding diversification, optimal asset allocation, hedging, forecasting, and
risk management. The above-mentioned findings are not only valuable for under-
standing the time-varying linkages between the oil-gold and oil-Bitcoin markets, but
also of enormous interest to portfolio managers, investors, and investment funds that
actively deal in oil, gold, and Bitcoin assets. Indeed, optimal portfolios and hedge
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ratios are useful for investors for constructing more robust portfolios that can reduce
the risk exposure during crisis and non-crisis periods. The safe haven analysis also
helps investors in the oil market reduce their risk exposure, especially during the
COVID-19 outbreak. For policymakers, a change in the level of volatility transmission
between the oil-gold and oil-Bitcoin markets implies that the instability of the oil
market can significantly affect the other two markets. Therefore, any change in the
stability of the oil market would require careful monitoring and follow-up from poli-
cymakers if they want to avoid adverse consequences from contagious shocks to the
gold market.

The limitation of this study resides in its focus on the COVID-19 crisis only.
Future studies could consider other crisis episodes such as the 2010-2012 European
debt crisis, the 2014-2015 oil price crash, or the 2015-2016 Chinese stock market
crash to uncover the similarities and differences in spill-overs during such episodes,
using a frequency-based approach capable of revealing how the transmission of
shocks varies between the short term and the long term for the sake of various mar-
ket participants such as traders and investors. Another possibility for future research
is covering a variety of sample periods, including the pre-COVID, during COVID,
and recovery (after vaccination) periods using higher frequency data.

Notes

1. Source: https://www.reuters.com/finance/commodities/energy
2. Source: https://cbeci.org/
3. https://www.abbeycapital.com/insights/crude-oil-divergence-between-brent-crude-and-wti/.

West Texas Intermediate (WTI) is considered the benchmark for US-produced crude oil,
especially in light of the US fracking boom.

4. As the hedging effectiveness is higher in the DCC-GARCH model, we prefer the results of
the DCC-GARCH model in this study compared to competing models.
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