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Abstract: We analyze crude oil’s dependence and the risk spillover effect on the Chinese stock market
and the gold market. We compare both static and dynamic copula functions and calculate the average
upward and downward spillover effect using the time-varying Copula model and the conditional
value-at-risk approach. By utilizing daily data on crude oil prices, China’s stock market, and the gold
market, we observe an asymmetric spillover effect: the downside spillover effects from crude oil
prices on the Chinese stock market and gold market are larger than the upside spillover effect. We
then identify changes in the structure of the sample periods and calculate the dynamic conditional
correlation between them. In addition, we explore the optimal weight and hedge ratios in diversified
portfolios to mitigate potential risks. Our results suggest that investors and portfolio managers
should frequently adjust their portfolio strategies, particularly during extreme events like COVID-19,
when financial assets become more volatile. Furthermore, crude oil can help reduce the risk in the
Chinese stock market and gold market to some extent during different sub-periods.

Keywords: risk spillover effects; crude oil; stock market; gold market; portfolio implications

1. Introduction

In 2020, the global community was greatly impacted by the COVID-19 pandemic,
resulting in a widespread suspension of economic activity and a significant drop in the
demand for crude oil. On 22 April 2020, a historic event occurred as crude oil prices dipped
into negative territory, indicating a profound shock to the worldwide financial system. As
the largest importer of crude oil globally, China’s economy and enterprise operations are
susceptible to fluctuations in the global crude oil market, which in turn affects China’s
stock market [1–5]. Additionally, China’s launch of crude oil futures in 2018 has further
connected its financial market, including the stock market, to the global crude oil market.
To mitigate risk, investors have increasingly incorporated gold into their portfolios as a
safe-haven asset. As such, it is important to consider the extent to which global crude
oil price shocks impact China’s financial market and gold market. In this study, we aim
to examine the dynamic dependence between the global crude oil market, the Chinese
stock market, and the gold market. We also aim to analyze the risk spillover from the
international crude oil market to China’s stock market and gold market. The results of
our analysis can provide financial investors with insights into how to construct portfolios
comprising crude oil, stock, and gold assets to hedge against market risks in the face of
extreme market conditions.

Recently, the global oil price presents an extreme risk. Figure 1 presents the historical
trends of West Texas Intermediate (WTI) prices, the Shanghai Composite Index (SHCI),
and China’s gold futures price (GOLD). As Figure 1 shows, China’s stock market shows
similar trends to the global oil price at most times, while the gold price shows a reverse
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movement with the global oil price. The dependence characteristics among the global oil
price, China’s stock market, and China’s gold market may change in different periods.
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This paper aims to identify dynamic dependencies and capture extreme risk depen-
dencies among global oil prices, China’s stock market, and China’s gold market. It not only
offers the government practical guidance in dealing with shocks from the global crude oil
market but also provides more information for investors to optimize their portfolios and
evade market risks.

The rest of this paper is organized as follows. Section 2 reviews relevant literature.
Section 3 illustrates the methodology applied in this paper. Section 4 provides the data and
summary statistics. Section 5 offers the main empirical evidence. Section 6 concludes the
paper and discusses some implications of the empirical results.

2. Literature Review

This paper follows three strands of literature. The first strand is the relationship
between oil prices and stock markets, which has always been a hot topic in the field of
energy finance [6]. The international crude oil price and international stock markets have a
long-running relationship [7–9].

The global oil market has a significant impact on China’s stock market through macroe-
conomic channels [5,10–16]. The long-term connections between the international crude
oil market and China’s stock market vary dramatically at different market regimes and
are enhanced greatly with the adjustments in the refined oil pricing mechanism in China
after launching China’s crude oil futures market. It is found that the global oil market has a
significant unidirectional return spillover effect on China’s stock market, which indicates a
strong dependence of the Chinese stock market on the global oil market [17]. Zhao et al. [18]
find empirical evidence for the bilateral contagion effect of bubbles between oil markets
and the Chinese stock market. The first bubble direction of contagion is from stock to oil
market and the second is from oil to stock. Tiwari et al. [19] reveal that a robust lagged
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dependence exists from the oil market on the Chinese stock market. Ji et al. [2] find that the
multidimensional dependence of the global oil market and the Chinese stock market has
been altered as a result of the 2008 global financial crisis.

The second strand is the relationship between oil prices and the gold market. Some
studies concentrated on the investment performance of oil and gold combined with
stocks have shown that crude oil and gold can serve as an eligible diversifier [20,21],
hedge [15,22,23], and safe haven [24]. It is found that the dynamic gold-oil relationship is
always positive, and a long-term dependence exists between crude oil markets and the gold
market [25]. Dai et al. [26], employing the wavelet method and a time-varying tri-variate
vine-copula model, find that the oil market is more sensitive to the upside and downside
risk contagion of the gold market in the short-run time scales. Junttila et al. [27] analyze the
correlations between gold and oil market futures in the aggregate US market, finding that
the correlations between gold and oil market futures and equity returns in the aggregate
US market have changed strongly during the stock market crisis periods. Lin et al. [28]
find a single direction of risk contagion running from the Brent crude oil market and the
London gold market to the Chinese stock markets. Meanwhile, bidirectional risk contagion
among the Brent crude oil market, London gold market, and Chinese stock markets are
found in extreme events. Gharib et al. [29] find a bilateral contagion effect of bubbles in oil
and gold markets during the recent COVID-19 outbreak.

The third strand is the methodology that reveals the risk dependence between the
global crude oil market and other financial markets. Li and Wei [30], combining the
variational mode decomposition (VMD) method with various static and time-varying
copulas, examine the dependence structure between the crude oil market and Chinese
stock market over different investment horizons, before and after the recent financial
crisis, and conclude that the recent financial crisis enhances the dependences between
the crude oil market and Chinese stock market, and the long-run dependence increases
more significantly than that of short-run. Ahmed and Huo [17] use a trivariate VAR-BEKK-
GARCH model to investigate the dynamic relationship between the Chinese stock market,
commodity markets, and global oil prices. They find a significant unidirectional return
spillover effect from the oil market to the stock market, suggesting a strong dependence
on the Chinese stock market on the oil market. Li et al. [31] use the BK method to find
the dynamic connectedness between different financial markets at different investment
horizons. Aloui and Jammazi [32] develop a two-regime Markov-switching EGARCH
model [33], finding that oil price rises have a significant role in determining the volatility
of stock returns. In this paper, we utilize the copula family to calculate the CoVaR value in
the copula model since it has the advantage of calculating the average, upper, and lower
tail dependence and describing the dependence structure among stochastic variables.

Based on the analysis above, it is important to analyze the impact of the crude oil
market on the Chinese stock market and the global gold market. In addition, the GARCH
and copula models have been widely used in analyzing the spillover effect of the crude
oil market on other financial markets. However, fewer studies have examined the risk
dependence between the global crude oil market and the Chinese gold market or the
structural changes among them. Our contribution is as follows: (i) We not only apply the
ARMA-GJR-GARCH framework but also apply the time-varying and static bivariate copula
family finding the best-fit copula, and then compute the CoVaR and ∆CoVaR, which are
helpful to analyze the asymmetric risk spillover effect from crude oil to China’s stock market
and gold market. (ii) The dynamic relationship between oil and the stock market and the
gold market could help investors and portfolio managers control risks more effectively
among the crude oil market, stock market, and gold market and adjust their diversified
portfolios by the evaluation of the correlation.
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3. Econometric Modeling Framework
3.1. The Marginal Distribution and Copula Models

Motivated by [34,35], we consider the ARMA (p, q) and the GJR-GARCH model
together in the following analysis. We utilize ARMA (p, q) to depict the marginal densities
of the stock index and the gold price:

rt = c +
p

∑
i=1

αirt−i +
q

∑
i=0

βiεt−i (1)

εt = σ1/2vt (2)

where rt represents the stock market return or the gold market return, p and q are non-
negative integers, αi and βi are the autoregressive (AR) and moving average (MA) param-
eters. According to the GJR-GARCH model [34], εt is the errors, vt is the standardized
residuals, and σt is the conditional variance, their relationship is as follows:

σ2
t = ψ + ϕε2

t−1 + ηε2
t−1dt−1 + γσ2

t−1 (3)

where ψ is a constant, σ2
t−1 is the GARCH component; εt−1 is the ARCH component; if

εt−1 < 0, dt−1 = 1, otherwise, dt−1 = 0. η depicts asymmetric effects. If εt−1 > 0, a shock
of ϕ is produced by “good news”, while if εt−1 < 0, a shock of ϕ + η is produced by
“bad news”. So, it shows a different impact on conditional variance [36,37]. The bigger
the η value is, the greater the asymmetric effect [38,39]. To capture different features of
dependence between crude oil prices and China’s stock market and gold market, nine
copula specifications and time-varying dependence are used [8,40–42].

Copula models are generally divided into two types: static and dynamic. For static
copula functions [43], the form of each copula function can be found in Patton [44]. Since
the function form of the time-varying copula remains unchanged, only the parameters of
the copula function in the model are time-varying. Therefore, when using the time-varying
correlation copula model to study the dynamics between variables, the modeling of the
marginal distribution of variables may not be considered in the correlation relationship.
This paper mainly selects one from the time-varying copula functions under the three
criteria of LL, AIC, and BIC to describe the dynamic correlation structure between them.

Taking the time-varying normal copula model as an example, the probability distribu-
tion function of the binary time-varying normal copula function is:

C(u, v, ρt) =
∫ Φ−1(u)

−∞

∫ Φ−1(v)

−∞

1

2π
√

1− ρ2
t

exp

[
−
(
r2 + s2 − 2ρtrs

)
2
(
1− ρ2

t
) ]

drds (4)

where Φ−1(· ) is the inverse function of the standard normal distribution function. ρt ∈ [−1, 1]
is the relevant parameter. Considering that the relevant parameter is time-varying, it is described
by the following evolution equation:

ρt = Λ(wρ + βρρt−1 + αρ ×
1
q

q

∑
i=1

Φ−1(ut−i)Φ
−1(vt−i)) (5)

where Λ(x) =
1− e−x

1 + e−x is to ensure that ρt is always in the interval [0, 1], and the general

lag order is less than 10.
After determining the type of marginal distribution, according to the probability

integral transformation, the standardized residual distribution can be transformed into a
uniform distribution on [0, 1]. Then the long-term memory-eliminated oil market and stock
market time series are brought into the copula function for correlation modeling analysis.
Finally, the best-fitting copula function is selected according to the AIC criterion. In this
section, we use static and dynamic copula models to test the possible tail risk dependencies
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between the crude oil market, the Chinese stock market, and the gold market. Table 1 lists
some commonly used binary copula functions and their main tails relationship features.

Table 1. Bivarate Copula Functions.

Copula Name Formula Tail Dependence

Normal CN(u, v, ρ) = Φ
(
Φ−1(u), Φ−1(v)

)
zero tail dependence

Student-t CT(u, v, ρ, v) = T
(
t−1
v (u), t−1

v (v)
) symmetric tail

dependence
Clayton CCL(u, v; δ) = max{(u−δ + vδ − 1)

−1/δ
, 0} lower tail dependence

Gumbel CG(u, v; δ) = exp(−((log u)−δ + (log v)δ)
−1/δ

) upper tail dependence

Rotated Gumbel CRG(u, v; δ) = u + v− 1 + CG(1− u, 1− v; δ) lower tail dependence

Frank CF(u, v; δ) = δ log([(1− e−δ)− (1− e−δu)(1− e−δv)]/(1− e−δ)) zero tail dependence

Placket CP(u, v; θ) =
1

2(θ − 1)
(1 + (θ − 1)(u + v)) zero tail dependence

SJC
CSJC(u, v; λU , λL = 0.5(CJC(u, v; λU , λL) + CJC(1− u, 1− v; λU , λL) + u + v− 1

CJC(u, v; λU , λL) = 1− (1− {[1− (1− u)k]
−γ

+ [1− (1− v)k]
−γ
− 1}−1/γ)

1/k
upper and lower tail

dependence

Note: u and v are marginal distribution functions, λU and λL represent the upper tail and lower tail correlation
coefficients respectively; Φ−1(·) represents the inverse function of the standard normal distribution function. As

for SJC copula, k =
1

log2(2− λU)
, γ = − 1

log2λL
.

The purpose of applying copulas is to capture various dependence structures [45]. A
two-step procedure called the inference function for margins can be used to estimate the
marginal density parameters and copula. The joint probability density fXY(x, y) can be
shown as:

fXY(x, y) = c(u, v) fY(y) fX(x) (6)

where fX(x) and fY(y) are the marginal densities of variables X and Y, respectively, and
c(u, v) is the copula density. c(u, v) is the joint function of copula; u = FXi

t

(
CoVaRi

α,t
)
,

v = F
X j

t

(
VaRj

α,t

)
. FXi

t
and F

X j
t

are the marginal distribution functions calculated by the

ARMA-GJRGARCH as mentioned above.

3.2. Risk Spillover Effects

In this part, we apply the conditional value-at-risk (CoVaR) measurement [46,47] to
calculate the spillover effect. The CoVaR for asset i is the VaR for asset i in the condition
of price changes in asset j. For example, set rO

t be the returns for crude oil prices, rS
t be

the returns of the Chinese stock market. The downside risk spillover effect from the
international oil market to China’s stock market can be described as:

Pr
(

rS
t ≤ CoVaRS

β,t

∣∣∣rO
t ≤ VaRO

α,t

)
= β (7)

where CoVaRS
β,t denotes the conditional VaR of the Chinese stock market return with a

confidence level (1 − β), in which β means the quantile of the conditional distribution of
rO

t , and VaRO
α,t is the αth quantile of the return’s distribution of crude oil. The upside risk

spillover effect from the international oil market to China’s stock market can be measured
as follows:

Pr
(

rS
t ≥ CoVaRS

β,t

∣∣∣rO
t ≥ VaRO

1−α,t

)
= β (8)

where the upside risk of VaRO
1−α,t means the (1 − α)th quantile of the crude oil returns.

CoVaRS
β,t denotes the conditional VaR of Chinese stock market returns in the upside condi-

tion.
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Then the CoVaR in Equations (5) and (6) can be rewritten by the copula representation,
respectively:

C
(

FrtS

(
CoVaRS

β,t

)
, FrtO

(
VaRO

α,t

))
= αβ (9)

1− FrtS

(
CoVaRS

β,t

)
− FrtO

(
VaRO

α,t

)
+ C

(
FrtS

(
CoVaRS

β,t

)
, FrtO

(
VaRO

1−α,t

))
= αβ (10)

where FrtS , and FrtO are the marginal distributions of the Chinese stock market, and crude
oil market, respectively.

Based on [48], the systemic risk contribution of the Chinese stock market (S) under the
impact of global crude oil is depicted as the ∆CoVaR, which is the difference between the
VaR of the Chinese stock market conditional on the distressed state of Chinese stock market
S (RS

t ≤ VaRS
α,t) and the VaR of China’s stock market or gold market under the condition of

the based condition of global crude oil market O. Therefore, based on the global crude oil
market O, the systemic risk contribution of Chinese stock market S can be measured as:

∆CoVaRS/O
t =

(
CoVaRS/O

β,t − CoVaRS/O, α=0.5
β,t

)
CoVaRS/O, α=0.5

β,t

(11)

Similarly, it is also adapted to calculate VaR, upside CoVaR, downside CoVaR, and the
∆CoVaR of China’s gold market. By applying ∆CoVaR we can capture the spillover risk’s
marginal contribution from the crude oil market to China’s stock market and gold market.

4. Data and Summary Statistics

In this study, we focus on the measurement of the spillover effect of crude oil on
the Chinese stock market and China’s gold market based on daily data. The Shanghai
Composite Index and the gold futures index are used to represent Chinese stock market
prices and gold market prices, respectively. West Texas Intermediate (WTI) oil prices
are considered to calculate the global crude oil price. WTI crude oil prices are from the
Energy Information Administration (EIA). We obtained 1357 observations from the daily
dataset from 9 September 2013 to 22 June 2020. It should be noted that, we use time series
data, which better reflects the macro situation [49–51] and is more suitable than panel
data [52,53].

The statistical description of all the data is shown in Table 2. The crude oil’s standard
deviation is the highest among the three series. The skewness of WTI and GOLD is positive,
while the skewness of SHCI is negative.

Table 2. Summary statistics for the return series.

WTI SHCI GOLD

Mean −0.0297 0.0240 0.0274
Median 0.1159 0.0546 0.0315

Max 31.9634 12.4048 5.3570
Min −28.1796 −15.6188 −5.2213
S. D. 3.4462 1.6907 0.9229
Skew 0.5871 −1.4467 0.0830
Kurt 25.0793 21.2358 7.7263
Max 27,601.11 *** 19,275.95 *** 1264.6 ***

Q (10) 60.4400 *** 24.309 ** 7.1560
[0.0000] [0.0068] [0.7106]

Q2 (10) 666.7100 *** 416.4287 *** 178.3176 ***
[0.0000] [0.0000] [0.0000]

ARCH (10) 200.5658 *** 209.6522 *** 100.1241 ***
[0.0000] [0.0000] [0.0000]

ADF −36.7195 *** −39.3499 *** −37.5984 ***
PP −36.796 *** −39.2612 *** −37.597 ***

KPSS 0.114027 0.126658 0.302704
correlation - 0.1342 *** 0.0203 ***

Note: WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use the
Shanghai Composite Index), and the gold futures index in China, respectively. *** and ** indicate rejection of the
null hypothesis at a 1% and 5% level, separately.
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So, the peak of SHCI slopes to the left. The Jarque–Bera test shows that all return
series do not follow normality. The ADF test shows that all series are shown stable and
perform autocorrelation characters, as with the Ljung–Box test. In addition, in the Engle
test, a strong ARCH effect is shown in all series.

5. Empirical Analysis
5.1. Marginal Model Analysis

In this part, we use the ARMA-GJR-GARCH model to analyze the volatility of each
series. The asymmetric analysis results are shown in Table 3. Neither the Ljung–Box
test nor the ARCH LM test finds significant serial correlation or ARCH effects tested by
diagnostic methods. Regarding the mean equation, at the 1% level of the null hypothesis,
all coefficients are significantly rejected. For WTI, SHCI, and GOLD, the GJR coefficients are
significant and positive. This means that WTI, SHCI, and GOLD show different responses
to positive and negative return shocks. Then leverage effects are produced.

Table 3. The estimates of the ARMA-GJR-GARCH model.

WTI SHCI GOLD

(p, q) (1,2) (2,2) (1,2)

c −0.0504 0.042 * 0.0104
(0.0678) (0.0678) (0.0678)

α1
0.9511 *** −0.0649 −0.3187
(0.0159) (3.3695) (0.2943)

α2
0.026

(1.0275)

β1
−0.9761 *** 0.0614 0.3025

(0.0333) (3.3664) (0.2944)

β2
0.0317 −0.0156 0.0158

(0.0292) (1.1188) (0.0267)

ψ
0.0757 *** 0.0139 * 0.0032
(0.0285) (0.0072) (0.0021)

γ 0.0116 0.0773 *** 0.0421 **
(0.0189) (0.0169) (0.0185)

ϕ 0.9327 *** 0.9278 *** 0.9523 ***
(0.0152) (0.0116) (0.0153)

η 0.1113 *** −0.0046 0.0108
(0.0283) (0.0272) (0.0185)

Asy −0.1449 *** −0.0145 −0.0184
(0.0346) (0.0334) (0.0314)

Tail
3.4338 *** 3.5077 *** 4.2185 ***
(0.4088) (0.3763) (0.4838)

Q (10) 7.7294 11.4798 2.5773
[0.3570] [0.0746] [0.9211]

Q2 (10) 5.6827 9.1551 14.3853
[0.6827] [0.3293] [0.0722]

ARCH (10) 0.5765 0.9349 1.4388
[0.8342] [0.4998] [0.1575]

Note: WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use the
Shanghai Composite Index), and the gold futures index in China, respectively. p and q are the lag orders of r and
ε in Equation (1), and the values of p and q in the demonstration are the results obtained according to the AIC
criterion. c , αi and βi represent the constant term, AR and MA in Equation (1), respectively. ψ, γ, ϕ, and η are the
constant term, the parameter of GARCH, ARCH, and the GJR item. In addition, the Asy and Tail items are the
results obtained by setting the distribution of each variable as a skewed student. Q (20) and Q2 (20) refer to the
empirical statistics of the Ljung-Box test for autocorrelation of the returns and squared returns series with 20 lags,
respectively. ARCH is Engle’s LM test, which is used to test the ARCH effect with the highest 20-order residual.
The standard error values are shown in parentheses. p-values of the estimation are shown in square brackets. ***,
**, and * indicates rejection of the null hypothesis at 1%, 5%, and 10% levels, respectively.
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5.2. Copula Model Results

After estimating the ARMA-GJR-GARCH model, we calculate the parameters in the
static copula model and in the time-varying copula models for the global crude oil market,
China’s stock market, and the gold market.

The left part of Table 4 presents the estimated parameters of the static copula models for
nine combinations of pairs comprising the series of the global crude oil return, China’s stock
market, and gold market returns. All the dependence parameters are positive. Especially,
WTI turns out a higher dependence on SHCI compared to the dependence on GOLD,
according to the static copula condition. This likely reflects the wide use of products in
the crude oil industry chain in China’s industry companies [54–57], which are the major
listed companies on the Chinese stock market. So, China’s stock market shows a closer
relationship with the global crude oil market, compared with China’s gold market. It also
shows heterogeneity of dependence degree between the international crude oil market and
China’s stock market and that between crude oil and the gold market. As the international
crude oil market changes, the SHCI and the GOLD may show coordinated changes to
varying degrees.

The right part of Table 4 shows the estimated parameters of the time-varying copula
models for six combinations of pairs comprising the series of the global crude oil return,
China’s stock market, and gold market returns. The parameters ψ0 and ω are the degree
of persistence, ψ2 and α capture the adjustment in the dependence process, and ψ1 and
β measures the dependence level. The time-varying copula model results are different from
the static copula model results. On the one hand, most of the parameters obtained from
the time-varying copula illustrate that China’s gold market (GOLD) is more dependent
on crude oil prices than the Chinese stock market (SHCI), as shown by ψ1 or β. On the
other hand, ψ2 and α values show a significantly different dependence on crude oil on
the Chinese stock market and gold market. Overall, the results describe the difference in
conditional dependence and the extent of variation.

Then we can obtain the best-fitting copula function according to the AIC criterion
as shown in Table 5. Based on the Compared to the AIC values of the static copula with
the time-varying copula, the time-varying copula model is more suitable to reveal the
dependence structure. The best-fit copula and its dependence structure for WTI-SHCI and
WTI-GOLD are shown in Figure 2.
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Table 4. Copula estimates for crude oil, China’s stock market, and the gold market.

WTI-SHCI WTI-GOLD WTI-SHCI WTI-GOLD

Normal
ρ 0.093 *** 0.0526 *

Time-varying
normal

ψ0 0.3269 *** 0.1308 ***
(0.0270) (0.0271) (0.0244) (0.0167)

AIC −11.7771 −3.7633 ψ1 −0.0806 0.1677 **

Clayton α 0.1551 *** 0.0782 ** (0.0904) (0.0788)
(0.0436) (0.0356) ψ2 −1.3134 *** −0.9195 ***

AIC −26.7061 −7.5171 (0.1943) (0.2484)

Rotated
Clayton

α 0.0955 ** 0.0757 ** AIC −12.1243 −5.5614

(0.0399) (0.0374)

Time-varying
rotated
Gumbel

ωL 0.0010 0.6195
AIC −10.2425 −6.5720 (0.0822) (4.3291)

Plackett
δ 1.3936 ** 1.2058 *** αL 0.4885 *** −0.3382

(0.5823) (0.4191) (0.1197) (4.0651)
AIC −13.2232 −4.4562 βL −0.7138 *** −0.0851

Frank
δ 0.5772 0.3378 (0.1829) (0.1319)

(1.0747) (1.0457) AIC −42.9376 −13.6182

AIC −11.4063 −4.0183

Time-varying
SJC

ωU −18.1697 *** 3.1519 ***

Gumbel
δ 1.1000 *** 1.1000 *** (0.0009) (1.0540)

(0.0160) (0.0161) αU −1.8517 *** −25.0000 ***
AIC −19.5484 −5.5451 (0.0001) (4.7500)

Rotated
Gumbel

δ 1.1000 *** 1.1000 *** βU −0.0071 *** −5.0837 ***
(0.0145) (0.0158) (0.0000) (1.7284)

AIC −34.3998 −7.1905 ωL 2.7231 *** −13.8260 ***

Student’s t

ρ 0.0911 *** 0.0590 *** (0.0000) (0.1762)
(0.0000) (0.0000) αL −16.3463 *** 25.0000 ***

ν 3.6122 *** 4.8238 *** (0.0000) (0.3181)
(0.0000) (0.0006) βL −4.4404 *** −18.4485 ***

AIC −85.8457 −48.2914 (0.0000) (0.1569)

SJC

λU 0.0000 0.0001 AIC −41.2246 −21.6513

(0.4740) (0.0002)

Time-varying
Gumbel

ω −0.5174 *** 1.9783 ***
λL 0.0639 0.0090 (0.0566) (0.0513)

(0.3039) (0.0062) α 0.8854 *** −1.0160 ***
AIC −32.0104 −10.6824 (0.0567) (0.0545)

β −0.4550 *** −2.2179 ***
(0.1460) (0.0666)

AIC −34.6333 −21.1931

Time-varying
T-copula

ψ0 0.2976 *** 0.0626 ***
(0.0348) (0.0169)

ψ1 −0.0690 0.2672 ***
(0.0792) (0.0944)

ψ2 −1.0707 *** −0.8110 ***
(0.3275) (0.2781)

AIC −88.4969 −48.2839

Time-varying
Clayton

ω 1.3950 *** −0.3872
(0.1258) (0.4323)

α −0.6358 *** −1.2148
(0.2111) (0.8361)

β −2.8353 *** 1.8647 **
(0.3542) (0.9663)

AIC −34.9863 −8.3209

Note: WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use the
Shanghai Composite Index), and the gold futures index in China, respectively. We estimate the parameters of
each return and calibrate them. λU represent the right (upper) tail dependence. λL represents the left (lower) tail
dependence. λU and λL are within [0, 1]. The AIC values adjusted for the small-sample bias are provided for
different copula models. For the TVP copulas, q is set to 10. The standard error values are given in parentheses.
***, **, and * indicates rejection of the null hypothesis at 1%, 5%, and 10% levels, respectively.
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Table 5. The best-fit copula and dependence structure.

Best-Fit Copula Dependence Structure

WTI-SHCI TVP-Student-t Symmetric tail dependence
WTI-GOLD TVP-Student-t Symmetric tail dependence

Note: WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use
the Shanghai Composite Index), and the gold futures index in China, respectively. It describes the relationship
between crude oil and China’s stock market and the gold market throughout the whole sample period.

5.3. Spillover Effect Analysis

By using the marginal model and the best-fit copula, the downside CoVaR value of
SHCI and GOLD at the confidence level of 95% (β = 0.05) are calculated under the condition
of the VaR value of the WTI at the confidence level of 95% (α = 0.05). Then the ∆CoVaR
values shown in Figures 3 and 4 are quantified. The CoVaR values for China’s stock market
and the gold market in the sample period vary with time. The downside CoVaR value is
always smaller than the VaR value. From May 2015 to September 2015, the crude oil price
fell sharply, and the decline in CoVaR in China’s stock market exceeded the decline in VaR.
While China’s gold market shows the reaction in another period, from September 2014 to
November 2014, and from March 2020 to June 2020. The collapse of crude oil prices may
lead to a greater drop in China’s stock market and gold market, which is consistent with
the conclusion of Meng et al. [57]. In addition, when a rapid rise happened in the crude oil
price, the upside CoVaR value turns out to be bigger than the VaR value. Figure 4 shows
that both the downside ∆CoVaR value of the Chinese stock market and the gold market are
greater than the upward ∆CoVaR value. Therefore, it can be explained that the fluctuation
in crude oil prices affects the upward and downward conditions of China’s stock market
and the gold market. In addition, this effect differs in the upward and downward stages.
This conclusion is verified by the statistical description in Table 6.

The empirical results show that, under the condition of downward causation, the
Chinese stock market and the gold market show different CoVaR and VaR values. In fact, in
recent years, the collapse in crude oil prices has had a greater spillover effect on the Chinese
gold market than on the Chinese stock market. For example, for China’s stock market,
during the period from May 2015 to January 2016, the crude oil upside spillover effect was
longer than the downside spillover effect, since the lowest in history was in March 2020;
while the spillover effect from the crude oil market’s collapse to China’s gold markets in
2020 is greater than that from 2014 to 2015. This indicates that China’s gold market is more
vulnerable to falling crude oil prices than China’s stock market. This conclusion can be
explained by the safe-haven function of gold is stimulated when the temporary drop in
crude oil prices occurs in 2020. Our findings are important extensions of the point view of
Jiang et al. [58], who hold that the spillover effect from financial assets, including crude oil
and gold, on stock indexes varies with time frequencies and quantiles.
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Figure 4. Time-series plots of the downside and upside ∆CoVaR of China’s stock market and gold
market. WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here
we use the Shanghai Composite Index), and the gold futures index in China, respectively.

Table 6. Descriptive statistics of VaR, CoVaR, and ∆CoVaR from crude oil to China’s stock market and
gold market.

Down Up

VaR CoVaR ∆CoVaR VaR CoVaR ∆CoVaR

WTI-SHCI −2.9520 −4.3113 1.1491 3.3550 4.2949 0.8663
(1.9744) (2.8680) (0.1080) (2.1797) (2.7977) (0.0178)

WTI-GOLD −1.1741 −2.3340 0.7810 1.2915 2.2921 0.6336
(0.4445) (0.8769) (0.0816) (0.4800) (0.8530) (0.0138)

Note: This table shows the average values for VaR, CoVaR, and ∆CoVaR. Standard errors are in brackets. WTI,
SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use the Shanghai
Composite Index), and the gold futures index in China, respectively.

5.4. Asymmetric Risk Spillovers

In this section, we further utilize the KS test to see whether the upper and lower sides of
VaR and CoVaR are different and whether there is an asymmetry in the risk spillover effect.
The results are presented in Table 7. The first two columns show the results with a null
hypothesis of H0 : CoVaR(D) = VaR(D) and H0 : CoVaR(U) = VaR(U), respectively.

Column 3 shows the results with the null hypothesis H0 :
CoVaR

VaR
(D) =

CoVaR
VaR

(U).
Column 4 shows the results with the null hypothesis H0 : ∆CoVaRDown = ∆CoVaRUp. We
can obtain the following meaningful conclusions. First, the upward or downward oil prices
may cause differences in the CoVaR and VaR values of the Chinese stock market and the
gold market. In addition, the international crude oil market has asymmetry in the upward
and downward risk spillover effects of China’s stock and gold markets. What is more, the
spillover effect shows that there is also an asymmetry between the downward and upward
∆CoVaR. In general, no matter the upward or downward conditions, the international crude
oil market will have an asymmetric risk spillover effect on the Chinese stock market and
the gold market. Investors should pay more attention to the risks brought by the decline
in crude oil prices in their investment portfolios since the downside risk spillover effect is
higher.
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Table 7. Asymmetric risk spillover effects from crude oil price to China’s stock market and gold
market.

H0: CoVaR(D) = VaR(D)
H1: CoVaR(D) 6= VaR(D)

H0: CoVaR(U) = VaR(U)
H1: CoVaR(U) 6= VaR(U)

H0:
CoVaR

VaR
(D) =

CoVaR
VaR

(U)

H1:
CoVaR

VaR
(D) 6= CoVaR

VaR
(U)

H0: ∆CoVaR(D) = ∆CoVaR(U)
H1: ∆CoVaR(D) 6= ∆CoVaR(U)

WTI-SHCI
0.3765 0.2623 1.0000 0.9992

(0.0000) (0.0000) (0.0000) (0.0000)

WTI-GOLD
0.5696 0.5283 0.9985 0.9985
(0.000) (0.000) (0.000) (0.0000)

Note: WTI, SHCI, and GOLD represent the global crude oil market, the Chinese stock market (here we use the
Shanghai Composite Index), and the gold futures index in China, respectively. We show the p-values of the KS
test in brackets.

5.5. Portfolio Implications

To further analyze how to use the portfolio to reduce downturn risk from crude oil,
we first analyze their dynamic conditional correlation. Figure 5 shows that the dynamic
corrections fluctuate during our data period. And we can divide the conditional correlation
of WTI and SHCI into four subperiods. This shows that, from September 2013 to December
2015, China’s stock market shows a high correlation with the global crude oil market.
Hence, the policymaker should be aware of the outside risks from the crude oil market to
maintain the stability of China’s stock market. Conversely, from January 2016 to November
2017, the correlation between China’s stock market and the crude oil market is at a low
level and low fluctuation. After December 2017, the correlation is still below 0.3. However,
the fluctuation is more enlarged. Before January 2015, it shows a high level of up to 0.07
and high frequency. From February 2015 to April 2017, the correlation falls to an average
level of 0.03. the correlation fluctuation keeps steady for one year after April 2018. After
March 2019, the correlation raises with a greater fluctuation. The empirical results of the
structural break test are shown in Table 8.
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Table 8. Empirical results of the structural break tests.

WTI-SHCI F Statistics WTI-GOLD F Statistics

Number of breaks selected 3 breaks 4 breaks

Break date

4 December 2015 319.3474 *** 27 January 2015 1092.582 ***
22 November 2017 126.5677 *** 28 April 2017 59.99245 ***
30 May 2019 383.1022 *** 25 April 2018 91.64415 ***

06 March 2019 84.37587 ***

Note: We sequentially test for the hypothesis of k breaks vs. k + 1 breaks, employing F statistics. Lag length
selection is based on SIC in the test. *** indicate rejection of the null hypothesis at a 1% level.

We construct portfolios including the stock market and gold market to analyze the
potential risk reduction in diversified portfolios. In terms of the composition of oil and stock
indexes or oil and gold prices, in a diversified investment portfolio, the risk is minimized
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based on the expected return remaining unchanged. Following [59], the optimal weight for
oil in portfolio III with oil and stock at time t can be given by:

ωos,t =
hs,t − hos,t

ho,t − 2hos,t + hs,t
, with ωos,t =


0, i f ωos,t < 0

ωos,t, i f 0 < ωos,t < 1
1, i f ωos,t > 1

(12)

where ho,t, hs,t, and hos,t are the conditional variance of oil, the stock index, and the con-
ditional variance of oil and the stock index, respectively. ωos,t is the crude oil weight in a
portfolio, and 1 − ωos,t is the optimal weight of the stock index.

The results of optimal portfolio weights shown in Figure 6 shows that to reduce the
stock market and gold market risks of China, a highly fluctuated optimal weight of oil can
be observed. In addition, the optimal weights differ with time, which indicates that we
need to adjust the optimal strategy dynamically. In the portfolio of WTI and SHCI, before
November 2015, the optimal weight became lower as the conditional correlation increased.
From August 2014 to May 2015, China’s stock index jumped 200%. In this condition, it
is wiser to increase the weight of the stock index. We can see a declined oil weight with
a minimum value (0.05), which means that we only consider 5% of crude oil and 95% of
China’s stock market in our portfolio. while as the stock index dropped after August 2015,
the weight of oil needs to increase to maximize the yield. Therefore, investors and portfolio
managers need to adjust the proper portfolio strategy according to the market environment.
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Figure 7 shows the dynamic hedge ratios of the crude oil market and stock market or
oil and the gold market in China with a changing path. The time-varying characteristics
of the hedging ratio indicate that in different subperiods, investors should adjust their
investment strategies to minimize risks. For instance, as for WTI-GOLD, from 2016 to 2018,
the short position of GOLD showed a steady ratio of 0.07 and lasted for about two years,
which means that we only need less than one unit of gold short position and one unit of
crude oil long position to hedge risks. While after 2019, it fluctuated more frequently; and
as crude oil dropped to −43 dollars per barrel in 2020, when COVID-19 happened, the
short position in gold changed into a minus value, which means that investors need more
than one unit of crude oil long position to hedge risks. It can be concluded that the hedge
ratio could be adjusted according to the fluctuation of crude oil and the economic situation;
and the portfolio managers need to improve their strategies in different market (bear or
bull market) conditions accordingly.

Table 9 reports the parameters of the average time-varying conditional correlations,
optimal portfolio weights, hedge ratios, and risk reduction effectiveness (RRE). The con-
ditional correlation between crude oil and China’s stock market is positive and the level
is higher than that between crude oil and China’s gold market. As for the optimal port-
folio weights, the standard deviation is at a high level, which means that the investors
should change portfolio ratios based on price fluctuation. In different subperiods of the
WTI-SHCI investment portfolio, it is found that the average optimal weight of crude oil
is relatively high, so crude oil plays a role in reducing the risk in China’s stock market.
In addition, investors need to change their portfolio ratios as the conditional correlations
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and economic surroundings change, especially the extremely uncertain events such as
COVID-19. Furthermore, we calculate the risk reduction effectiveness to compare the risk
reduction degree in different periods. Several implications can be concluded as follows.
The effect of diversified portfolios reducing risks shows different performances. For the
full period, WTI-SHCI shows a better but less steady risk-reducing effect compared to the
WTI-GOLD portfolio. During different subperiods, the risk reduction performances vary
dramatically in the WTI-SHCI portfolio. This indicates that investors should change their
portfolios in different periods.
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Table 9. The average time-varying conditional correlations, optimal portfolio weights, hedge ratios,
and risk reduction effectiveness (RRE).

WTI-SHCI

Full Period Begin-BP1 BP1-BP2 BP2-BP3 BP3-End

ρ 0.1507 0.1919 0.1089 0.1791 0.1035
(0.0611) (0.0656) (0.0219) (0.0491) (0.0273)

ω 0.7909 0.6871 0.8975 0.7180 0.9092
(0.1562) (0.1707) (0.0507) (0.1302) (0.0608)

ξ 0.2856 0.2656 0.2885 0.2678 0.3402
(0.0569) (0.0065) (0.0151) (0.0106) (0.1157)

RRE 0.2513 0.3538 0.0748 0.1954 −0.1122

WTI-GOLD

Full Period Begin-BP1 BP1-BP2 BP2-BP3 BP3-BP4 BP4-End

ρ 0.0267 0.0435 0.0257 0.0222 0.0147 0.0249
(0.0123) (0.0100) (0.0074) (0.0022) (0.0056) (0.0120)

ω 0.8910 0.8009 0.9041 0.9127 0.9526 0.8961
(0.0711) (0.0855) (0.0368) (0.0238) (0.0250) (0.0607)

ϕ 0.0730 0.0805 0.0751 0.0744 0.0637 0.0692
(0.0119) (0.0019) (0.0054) (0.0014) (0.0109) (0.0199)

RRE 0.1871 0.2438 0.1684 0.1507 0.1021 0.1771

Note: ρ, ω, and ϕ are the conditional correlation parameter, the optimal portfolio weight, and the hedge ratio,
respectively. The standard error values are in parentheses. The full period is from 9 September 2013 to 22 June 2020.
In the portfolio of WTI-SHCI, the first subperiod is from 9 September 2013 to 4 December 2015, the sec subperiod
is from 5 December 2015 to 22 November 2017, the third subperiod is from 23 November 2017 to 30 May 2019,
and the last subperiod is from 1 June 2019 to 22 June 2020. In the portfolio of WTI-GOLD, the first subperiod is
from 9 September 2013 to 27 January 2015, the second subperiod is from 28 January 2015 to 28 April 2017, the
third subperiod is from 29 April 2017 to 25 April 2018, the fourth subperiod is from 26 April 2018 to 6 March 2019,
and the last subperiod is from 7 March 2019 to 22 June 2020.

6. Implications and Conclusions

In this study, we apply the relative risk measurement models to determine the upside
and downside of CoVaR and VaR and examine the risk spillover effect from crude oil
prices on China’s stock market and gold market. The daily dataset covers the period from
9 September 2013 to 22 June 2020. To better analyze the dynamic spillover effect, we divide
the full periods into four subperiods for the crude oil price and China’s stock market
portfolio and five subperiods for the crude oil price and China’s gold market portfolio. The
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portfolio and hedge strategies are included to suggest a varying portfolio ratio according to
the volatility of prices and economic environments.

As for the dependence relation, the crude oil price has a higher dependence on the
stock market. In addition, the impacts of the crude oil market on China’s stock market
and gold market are asymmetric. When the volatility of crude oil prices intensifies, the
downward impact of crude oil prices on the stock market and the gold market is greater
than the upward impact of crude oil prices on them. As for portfolios, not only the optimal
portfolio weights but also the hedge ratios differ in the sample period, which indicates
that investors and portfolio managers should adjust their portfolio strategies frequently,
especially under some extreme events, like COVID-19, when the volatility in financial
assets will increase. In addition, in the different subperiods, crude oil can help reduce
the risk of China’s stock market and gold market by a degree, which is consistent with
the risk reduction effectiveness indicator. Several important policy implications can also
be concluded from our results. First, both the Chinese stock market and the gold market
are positively correlated with the crude oil market. Therefore, policymakers can control
the shock of the international crude oil market by formulating effective measures and
appropriately adjusting the investment ratio, which is conducive to the stability of the
Chinese stock market and gold futures market. Secondly, a further discussion on the
correlation between the crude oil market and the stock market or between the crude oil
market and the gold market in China has some important implications for investors and
portfolio managers. They can improve their portfolio strategies by adjusting the optimal
portfolio ratios and hedge ratios.

There are also some limitations of this study to be improved. First, the methodology
can be updated to further analyze the related issue. Secondly, this paper only analyzes the
spillover effects from the stock index and gold market level. We can further analyze the
spillover effect from crude oil to the listed companies in gold-related industries.
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