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Abstract

Risk spillover between financial markets is an important direction of
financial risk research, which helps to identify and prevent financial
risks. This article examines the spillover effects among the carbon
market, oil, new energy, and precious metals from a multidimen-
sional and time-frequency perspective. It achieves this by employing
the GJRSK model and the quantile time-frequency linkage method.
The primary focus is on inspecting the alterations in market risk
spillover effects during extreme market conditions. The study re-
veals that noteworthy risk spillovers exist among the carbon market,
oil, new energy, and precious metals, short-term risk spillovers sur-
pass long-term risk spillovers. Furthermore, the spillovers among
markets under different market conditions are heterogeneous, with
significantly stronger risk spillovers observed during extreme upward
and downward market conditions compared to normal states. More-
over, the risk spillovers in different dimensions exhibit an asymmetric

status and display tail dependence.
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1. Introduction

In the context of global financial integration, interdepen-
dence and risk contagion among financial markets are be-
coming increasingly prominent. The connectivity of finan-
cial markets is both a source of competitive benefits and
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an important mechanism for risk propagation [1]. From
the 2008 financial crisis to the 2010 European debt cri-
sis, a series of financial risk events have had an impact on
the relevant regions and even the world’s financial system,
which has attracted widespread attention from countries
around the world to financial risk contagion. In the con-
text of economic globalization, risk contagion is an urgent
and important issue that cannot be ignored.

In recent years, China has made ”preventing and re-
solving major risks” the top priority of the ”three major
battles” and has made important deployments to prevent
and control systemic financial risks multiple times [2]-[5].
As more and more evidence suggests, the financialization of
commodities [6] has shown that the connectivity (spillover)
of commodity markets has begun to receive widespread
attention. Once it is recognized that commodities have
become one of the core asset classes used by financial in-
vestors (i.e, gold melting), it is necessary to re-understand
the operating mechanism of commodity markets.Due to
their dual attributes as commodities and finance, precious
metals and energy have long been highly regarded as the
two most important types of commodities. After the shale
revolution in the United States, the relationship between
crude oil and natural gas became more complex [7]-[8] and
it found that information overflow between the two has
become more uncertain [9]. In recent years, there has
been a linkage event between oil prices and precious metal
prices in the international commodity market, which has
attracted scholars’ attention to the risk spillover effects be-
tween the two markets [10]-[11].

Current research typically analyzes the risk spillover be-
tween markets from the perspective of the first and second
moments of the asset return distribution, namely returns,
and volatility. However, the distribution of asset returns is
usually nonnormal, indicating that asset returns are more
likely to exhibit asymmetry or extreme returns, and the
nonnormality, asymmetry, and fat-tailed nature of asset
return distribution cannot be captured solely from the per-
spective of returns and volatility. It is worth noting that
higher-order moments of the income distribution, such as
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skewness and kurtosis, contain valuable information that
can reflect asymmetric risk or tail risk events [12]. There-
fore, skewness spillover describes the level of correlation
between asymmetric returns between markets, while kur-
tosis spillover explains how extreme risk spreads between
markets [13]. The returns of commodities are often affected
by high market uncertainty or extreme returns due to peri-
ods of prosperity or depression. Extreme market risks may
weaken the stability of the financial system. Therefore, it
is not only necessary to consider risk spillover from intu-
itive indicators such as volatility, but also to study cross-
market risk transmission from high-order moment perspec-
tives such as skewness and kurtosis.

Compared with existing literature, the marginal contri-
bution of this paper is mainly reflected in the following
aspects: firstly, this study will explore the spillover effects
between markets based on volatility, skewness, and kur-
tosis indicators, and characterize the correlations between
markets based on different risk measurement indicators,
expanding the current research. Secondly, there is cur-
rently no consensus on the scale, direction, and dynamic
changes of risk spillover in the precious metals and energy
markets at different time scales. This study is based on
the novel time-frequency domain spillover index framework
proposed by Diebold and Yilmaz [14] and Barunik and
Kiehlik [15], combined with the rolling window method,
which can simultaneously characterize the size, direction,
and dynamics of risk spillover between markets, and cap-
ture the heterogeneity of risk spillover in the time domain
and different frequency domains.

2. Literature Review

In the study of market risk spillover effects, scholars at
home and abroad have conducted a lot of research, mainly
focusing on commodity market risk spillover, market risk
measurement, and risk spillover models.

Firstly, research on risk spillover in commodity markets.
Morales and Andreosso-O’Callaghan [16] argue that the
impact of financial crisis events on cross-regional and cross-
market interdependence can be defined as a ”spillover ef-
fect”. Many scholars have focused on typical financial sub-
markets, such as the stock market, bond market, money
market, etc., to explore the risk spillover between markets.
As Zhou [17] explored the spillover effects of returns and
volatility in 14 Asia Pacific stock markets within the frame-
work of spillover indices. Liu et al. [18] used generalized
prediction error variance decomposition and complex net-
work methods to explore the risk spillover effects of China’s
money market, capital market, foreign exchange market,
gold market, and real estate market. With the acceler-
ation of the process of commodity financialization, great
attention has been paid to the exploration of risk spillover
between financial markets and commodity markets, as well
as between commodity markets [19]-[21]. Examining the
issue of risk spillover between commodity markets has be-
come a recent research hotspot. At present, there is no
consensus on the nature of the information spillover ef-

fect between precious metals and energy markets. On the
one hand, due to the connection between commodity chan-
nels and financial channels, crude oil price shocks are often
considered as exogenous factors affecting the metal market
in research [22]. In addition, some scholars have recently
pointed out that there is a bidirectional effect between pre-
cious metals and energy markets [20]-[21]. Given that the
spillover effects of precious metals and energy markets still
need to be explored, this study will investigate the spillover
effects of these two important commodity markets and fur-
ther enrich the current literature.

Secondly, research on market risk measurement. The
widely used measurement indicators for market risk are
based on asset returns or volatility. Many studies investi-
gate the spillover effects of systemic risk by examining the
transmission relationship of returns or volatility between
markets. For example, Tan Xiaofen et al. [23] studied
the bidirectional spillover relationship between commod-
ity markets and financial markets from the perspectives of
return and volatility based on the BEKK-GARCH (Baba-
Engle-Kraft-Kroner GARCH) model and spillover index
method. They found that there is a bidirectional spillover
effect between international commodity markets and finan-
cial markets, and the characteristics and trends of return
spillover and volatility spillover are significantly different.
A common limitation of current research is that their anal-
ysis of spillover effects is limited to the first and second
moments of asset return distribution, namely returns and
volatility. However, due to the nonnormality, asymme-
try, and fat-tailed nature of asset return distributions, it
is not comprehensive to limit spillover analysis only to
first-order and second-order moments. Higher moments,
such as skewness and kurtosis, contain valuable informa-
tion that can reflect asymmetric risk or tail risk events
[22]-[23]. High-order moment risk is associated with asym-
metric risk and tail risk in the market, and risk research
based on high-order moment measurement is an extension
and expansion of traditional risk research. At present, re-
search on high-order moment risk is focused on perspec-
tives such as return forecasting, risk premium, risk mea-
surement, and risk spillover. Langlois [24], Bevilacqua,
and Tunaru [25] have approached this topic from differ-
ent angles. The spillover effect of high-order moment risk
between markets is gradually receiving attention. Early re-
search on high-order moment risk spillover mainly focused
on the stock and money markets [26]-[28]. Recently, schol-
ars have also paid attention to high-order moment spillover
effects in commodity markets. For example, Cui et al. [29]
used the Diebold and Yilmaz [14] spillover model to study
the spillover effects of realized skewness, realized kurtosis,
and asymmetric volatility between W'TI, Brent crude oil,
and Chinese commodities.

Also, research on risk spillover models. The main meth-
ods for studying risk spillover effects between markets
include VAR (Value at risk) models, GARCH (General-
ized Autoregressive Conditional Heteroskedasticity) mod-
els, Copula models, CoVaR (Conditional Value at Risk)
models, Granger causality, etc. (Maghyereh et al. [30],
Ahmed and Huo [31], Sun et al. [32]). The above mod-



els all have certain measurement effects, but they also
have their limitations. For example, GARCH models have
the limitation of not being able to measure the size of
spillover effects. The same GARCH model cannot si-
multaneously consider the directionality and dynamics of
spillovers. Copula models are not easy to distinguish the
direction of spillovers. GARCH-type models have the
limitation of being unable to measure the magnitude of
spillover effects. Moreover, the same GARCH model can-
not simultaneously account for both the directionality and
the dynamics of spillovers. Using GARCH-type models to
characterize asset volatility is a relatively complex process.
Additionally, the magnitude of asset volatility can vary
depending on the model chosen, which is clearly not very
reasonable. CoVaR models have the limitation of only con-
sidering one-way spillovers within a model. To overcome
these shortcomings, Diebold and Yilmaz [14], [28] proposed
a new overflow framework (referred to as the DY method),
which combines a rolling window VAR model and a gen-
eralized error variance decomposition method to simulta-
neously characterize the dynamics, directionality, and size
of overflow. More and more research has been conducted
on market spillover effects based on this framework.
Through the review of existing literature, it is found that
current research and analysis on risk transmission effects
are mostly based on the first and second moments of asset
return distributions. Spillover effects based on high-order
moment risk indicators have not received much attention,
and the overflow analysis models used in existing research,
such as GARCH models, cannot simultaneously consider
the strength, directionality, and dynamics of overflow, as
well as capture the heterogeneity of risk overflow in the
time domain and different frequency domains. The DY
and BK time-frequency domain spillover models provide a
good analytical framework for comprehensively evaluating
high-order moment risk spillover between markets.

3. Model Construction

3.1 Time-Varying Higher-Order Moments Fluc-
tuation Models

The present study utilizes the GJRSK model developed by
Leon et al. [33] to analyze the dynamic properties of condi-
tional skewness and conditional kurtosis across global en-
ergy markets. The model employed is outlined as follows:
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where, 0¢|I;—1 ~ D(0, hy, s¢, ki), and T;_; is the informa-
tion table at the moment t-1, D(0, hy, s¢, k) is any distri-
bution containing the conditional mean, conditional vari-
ance, conditional skewness, and conditional kurtosis, s; is

the conditional skewness, k; is the conditional kurtosis,
and f33,73,i, and 03,1) are the coefficients of leverage ef-
fects in the conditional variance equation, the conditional
preference equation, and the conditional kurtosis equation,
respectively.

In accordance with common practice, the time-varying
higher-order moments GJRSK model is estimated using a
Gram-Charlier sequence expansion of the normal distribu-
tion density function truncated at the fourth moments as a
conditional density function for z; to ensure nonnegativity
of the density and a integral of 1, the expanded density
function is corrected, drawing on the practice of Leon:
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Ly =143+ (kt;?’) , ®(e) represents the probability density

distribution function of the standard normal distribution,

by utilizing &, = hy/?2, the logarithm of the likelihood
function can be obtained by omitting the nonessential con-
stants:
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Due to the high degree of nonlinearity of the model itself,
in order to accurately determine the initial values of the
parameters in the estimation of the maximum likelihood of
the model, the method of ”from simple to complex model”
is used, firstly, the conditional mean and the conditional
variance of the model are estimated, and the obtained pa-
rameters are taken as the initial values of the parameters of
the two equations; then, the conditional mean and the con-
ditional variance, as well as the conditional skewness are
jointly estimated; finally, the conditional mean, the condi-
tional variance, and the conditional skewness obtained by
the previous estimation are taken as the initial values, and
the joint estimation of the conditional mean equation, con-
ditional variance equation, conditional skewness equation,
and conditional kurtosis equation is realized.

3.2 Quantile Time-Frequency Modeling

The article adopts the quantile vector autoregressive model
proposed by Ando et al. [34] to examine the quantile evo-
lution characteristics of volatility spillovers between inter-
national energy markets, to refine the defects of the DY
spillover index in the tail carving, and the specific frame-
work of the quantile vector autoregressive model is as fol-
lows:

Y = (1) + Z Dizy_; + ue(T) (4)
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where, Y; denotes the N x 1 dimensional column vector,
®; denotes the coefficient matrix of the QVAR (Quantile
Vector Autoregression), 7 denotes the quantile on [0, 1], p
denotes the number of lagging periods of the QVAR, and
ut(7) denotes the N x 1 dimensional error vector, which
can be constituted as an N x N dimensional error variance



matrix, 2 When the stability condition is satisfied by the
QVAR(p), it can be transformed into a vectorial moving
average of infinite order, QVMA( oo ) process:

Y; = () + ZAi(T)ut—i (5)
i=0
where A;(7) is the coefficient matrix of the QVMA
(Quantile Vector Moving Average), which obeys A;(r) =
CI)lAi,l(T) + (I)QAZ',Q(T) + -+ (I)pAi,p(T), AO a unit ma-
trix of order N and A; = Owhen i < 0. According to the
generalized error variance decomposition, the estimate of
variable j for the spillover effect of i is the proportion of
the H -step prediction error variance of variable i that the
proportion caused by variable i is 0;;(H) :
j
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where o, denotes the diagonal element of the error vari-
ance matrix, the i-th element of e; is 1 and the remaining
elements are 0, Aj, denotes the coefficient matrix, and h
denotes the forward prediction step, and further normal-
ization yields:
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Simultaneously, we obtain two equations, denoted as
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tion of quartile 7 leads to modifications in the coefficient
matrix. This enables us to investigate the spillover impact
of institution j on institution ¢ in the presence of varying
magnitudes of shocks, which is more in line with the real-
ity of the economic performance, because the major event
shocks tend to be stronger than the average shocks, and
more likely to have spillover effects.

At the same time, time series data are often character-
ized by ”sharp peaks and thick tails”, and the tails contain
substantial risk information, implying that quantile esti-
mation is superior to conditional mean estimation because
it not only reveals the risk spillover relationship in the tails,
but also its estimation is more robust in the extreme cases.

According to Ando et al. [34], the total spillover in-
dex (TSI) and the directional spillover index (SI) can be
computed under quartile 7:
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3.3 Spillover Index Measure in Frequency Do-
main - BK Spillover Index

Based on the frequency response function ¥ (e—iw) =
Y e whW;, | the spectral density Sy (w) of X; at frequency
n

w is:
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where W (e~™) is Fourier transformed from ¥,i =
v/—1.5x (w) portrays how the variance of X, is distributed
at frequency w, which is a key parameter for understanding
the frequency dynamics. The generalized causal spectrum
at frequency w can be defined as:

2
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(f(w))jr denotes the fraction of the spectrum of variable
j that is caused by shocks to variable k at a given fre-
quency w. Since the denominator of the above equation is
the spectrum of variable j at a given frequency w (f(w));k
can be interpreted as intra-frequency causality by further
introducing the frequency share of the variance of j as a
weighting function:

T ),
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I';(w) denotes the power of variable j at a given frequency,

and the generalized variance decomposition over frequency
band d is:

(11)
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Where, d = (a,b),a,b € (—m,7),a < b, and 0;,(c0) =
= [, Tj(w)(f(w));rdw, are equal to H — oo at 0;(c0)
under the time domain, 6;4(d) can be further normalized
as:

i 0;1(d)
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éjk(d) measures the level of spillover from variable k to
j over frequency band d. The total spillover index TSI
over frequency band d, the directional spillover index SI
are respectively:
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TSI¢ SI¢ SI,‘j_nz and NSIg decompose the gross

j—k
spillover T'SI™, directional spillover SI7 .. SIj_, ; and net

j—k>
spillover N'SI7 in the time domain into different frequency

bands respectively.

4. Analysis of Empirical Results

4.1 Data Sources and Descriptive Statistics

To investigate the spillover effects among traditional en-
ergy, new energy, the carbon market, and the precious met-
als market, this paper selects oil, new energy, the carbon
market, and gold as research objects.The data included in
this study originates from the WAND database. Based
on the data presented in Table 1, the following informa-
tion can be derived: firstly, except the mean value of the
price index of the precious metal market is negative, the
mean value of the price indices of the new energy, crude oil
and Hubei carbon trading market are all positive, which
indicates that the mean value of the price indices of the
new energy, crude oil and Hubei carbon trading market is
increasing, while that of the precious metal market is de-
creasing. At the same time, we find that the market price
index of the Hubei carbon trading market price index has
the largest variance of the market price index, followed by
the crude oil market index and precious metal market in-
dex, while the variance of the new energy market index is
the smallest, the size of the variance of the price index can
be regarded as the price volatility during the sample study
period, that is the price change of carbon trading market is
the largest, and the change of market price of new energy
is the smallest; secondly, the skewness of the price indexes
of the four markets are constants that are not 0, in which
the new energy price index and precious metal price index
is less than 0, that is, there is an obvious leftward bias, and
the skewness of the crude oil price index and the carbon
price index is greater than 0, that is, there is an obvious
rightward bias. In addition, from the kurtosis coefficient,
it can be seen that the new energy, crude oil and carbon
price indexes show a sharp distribution, and the precious
metal market price index shows a low peaked distribution;
thirdly, through the ADF unit root test, the results show
that the series are considered to be smooth significantly
at the 1% level, and the conditional returns of the four
kinds of price indexes do not obey the standardized nor-
mal distribution as shown from the J-B test, and the LM
test shows that the variances of the four price index series
are inhomogeneous, that is, autocorrelation in the residual
series can be fitted by the GJRSK model.

4.2 Empirical Results

4.2.1 Static Risk Spillover Analysis

The GJRSK model is utilized to calculate the conditional
return, conditional variance, conditional skewness and con-
ditional kurtosis for each index and the estimation results
are shown in Figure 1:
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Figure 1. Time Series of Conditional Return, Conditional
Variance, Conditional Skewness and Conditional Kurtosis

As can be seen from the time series charts, there are
obvious differences in the conditional variance, conditional
skewness and conditional variance for each index’s return:
The conditional variance is small when the market is run-
ning smoothly, and the conditional variance rises sharply
in oscillation and smoothes out quickly when there are
sharp fluctuations in the market; the conditional skew-
ness is mainly negative and widens with the expansion of
fluctuations in return; and the conditional kurtosis has a
characteristic that is similar to the conditional variance’s,
when the return of the market index fluctuates around 0,
the conditional skewness is smooth, and when the con-
ditional return has a sharp rise and fall, the conditional
kurtosis will change sharply. Variations in the order mo-
ments of the market index can indicate disparities in the
operational attributes of diverse marketplaces.

Because the traditional OLS regression can only reflect
the average spillover effect between markets and cannot
capture the diversity spillover effect between markets, es-
pecially it is difficult to portray the extreme volatility
risk spillover between markets, in order to better study
the spillover effect of individual markets on each other,
the article adopts the quantile time-frequency connectiv-
ity method proposed by Ando et al. (2022) to calculate
the connectivity and spillover effect of individual market
indexes at different quartiles. The low quartile (7 = 5%),
the middle quartile (7 = 50%) and the high quartile (7 =
95%) are used to characterize the risk spillovers between
different markets at different quartiles, respectively. Con-
sidering the model parsimony and the persistence of corre-
lation between markets, according to the AIC criterion, the
article chooses the lag period p=1 and the forecasting step



Table 1

Results of descriptive statistics

Min. Mean | Max. | skewness | kurtosis | Std.Dev | J-B ADF LM(10)
NE | -9.53 0.03 8.19 -0.54 5.24 1.83 1824.15%*%* | -10.33*** | 466.11***
OIL | -14.03 | 0.11 23.85 | 0.75 6.92 2.65 3189.80*** | -11.00*** | 243.67***
PM | -9.89 -0.02 8.44 -0.03 2.24 2.18 320.23*** -0.84%** 248.63***
HB -24.60 | 0.16 33.65 | 0.69 7.06 4.05 3292.13%%* | _12.23%** | 232 51%**

h=100 to measure the risk spillover level of markets under
different quartiles from the directional spillover level and
the total spillover level, respectively, in which, the total
spillover index (TCI) measures the total size of spillovers
between markets under different quartiles, and the direc-
tional spillovers indexes (TO and FORM) indicate the size
of direct spillovers from the market itself to other markets
and the size of acceptance of spillovers from different mar-
kets, respectively; the net spillover index (NET) measures
the net recipients of spillovers between markets (NET<0)
and the net senders of spillovers (NET>0). Table 2 shows
the gross spillover, directional spillover, and net spillover
indexes between the new energy, crude oil, precious metals,
and carbon market indexes for different quartiles(Due to
space limitations, the graphical display of overflow effects
under different quantiles, skewness overflow effects under
different quantiles, and kurtosis overflow effects under dif-
ferent quantiles has been omitted here. If necessary, please
contact the author).

Table 2
Connectivity of return spillovers across quartiles
NE OIL PM HB
tau=0.05 | TCI=62.16
TO 66.33 60.98 | 65.77 | 55.56
FROM 63.97 62.03 | 63.11 | 59.52
Net 2.36 -1.05 | 2.66 | -3.96
tau=0.5 TCI=8.68
TO 13.71 4.66 | 13.66 2.7
FROM 13.33 6.29 | 13.12 | 1.98
Net 0.38 -1.63 | 0.53 | 0.72
tau=0.95 | TCI=62.49
TO 64.19 61.3 | 66.57 | 57.9
FROM 63.51 62.71 | 63.03 | 60.71
Net 0.68 -1.41 | 3.55 | -2.82

Based on Table 2, first, the business links between vari-
ous markets and the timely feedback of market information
from participants make the markets have a strong linkage
between them, and the total spillover index is precisely
to portray the overall linkage between the markets, under
different quartile conditions. There is a large difference
in the total spillover index between the markets, and the
size of the total spillover in the low and high quartiles
is higher than that of the median, in the case of normal
shocks (7 = 50%), the conditional return, conditional vari-
ance, conditional skewness, and conditional kurtosis of the
total spillover are 8.68%, 12.09%, 6.08%, and 6.31%, re-
spectively, which indicates that the overall linkages among
the new energy, crude oil, precious metal, and carbon mar-

kets are weak. But in the case of a shock from an extreme
event (7 = 95%), the conditional return, conditional vari-
ance, conditional skewness, and conditional kurtosis of the
total spillover of 62.49%, 74.63%, 16.76% and 55.70% re-
spectively, the risk spillover between the markets is more
serious, which may be due to the fact that China’s carbon
trading market is still in the initial stage, and the con-
nection between the carbon trading market and the other
markets is not particularly close, resulting in a lower level
of risk spillover between the markets in the case of normal
shocks, but it is more prone to inter-market risk spillover
in the case of extreme shocks. However, in the case of ex-
treme shocks, inter-market risk infection is more likely to
occur, especially more sensitive to extreme market shocks.

Second, despite the presence of thick tails among the
four markets, the spillover effects of low-order and high-
order moments are different for the left and right tails at
different quartiles; the total spillover indexes of the condi-
tional returns at the low quartile (7 = 5%) and the high
quartile (7 = 95%) are 62.16% and 62.49%, respectively,
which are much higher than that of the normal case (7
= 50%) at 8.68%; the conditional variance and the condi-
tional kurtosis spillover indices in the high quartile (74.63%
and 55.70%) are significantly higher than those in the low
quartile (13.24% and 6.32%), suggesting that spillovers are
asymmetric between markets [35], and that the market
is affected by extreme positive shocks more than extreme
negative shocks. The spillover index of conditional skew-
ness is just the opposite. The difference in total spillovers
between markets with different order moments and differ-
ent quartiles. It also shows that the risk spillover between
markets cannot be accurately portrayed when only first-
order moments and second-order moments are considered.

Third, examining the directional spillover indexes of
each market, the spillover effects of the four markets at
different order moments in the low and high quartiles are
larger than those in the median, indicating that the risk
spillover from extreme shocks is higher than that from or-
dinary event shocks among the four markets. Taken to-
gether, the new energy index has the strongest spillover
effect, followed by the precious metals and crude oil in-
dexes, the worst spillover effect is the carbon trading mar-
ket index. This indicates that the new energy market has
obvious cross-market spillover benefits, while the precious
metals and crude oil indexes also play an important role
in the directional spillover effect. It is worth noting that
at high scores (T=95%), the conditional variance and con-
ditional kurtosis of the carbon trading price index exhibit
102.99% and 117.46% spillover effects.

Fourth, in terms of the net spillover index, the level of



net spillover among the four markets is low under normal
conditions and significantly higher under extreme condi-
tions, and the net spillover index for crude oil is less than
0 under both different order moments and different quar-
tiles, indicating that crude oil is a net recipient of market
risk among these four markets. The new energy price in-
dex has a net spillover index greater than 0 under all quar-
tiles of conditional expectations, indicating that it is a net
spillover, which is consistent with Dan Nie et al. [35].’s use
of the DY model to measure risk spillovers in the case of
normal shocks with lower-order moments, where new en-
ergy plays the role of a net spillover in the energy market.
However, in the article, we find that at high quartiles of
conditional variance and conditional kurtosis, and at low
quartiles of conditional skewness, new energy is a net recip-
ient. The precious metal index is a net spillover under the
quartiles of conditional expectation and conditional skew-
ness, and plays the role of a net receiver under the me-
dian and high quartiles of conditional variance, as well as
the high quartile of conditional kurtosis; the spillover ef-
fect of the carbon trading market at the high quartile of
conditional variance and conditional kurtosis (7 = 95%)
is 37.76% and 85.93%, respectively, which plays the role
of a net spillover of risk and the spillover effect is very
dramatic. However, the spillover effect of carbon trading
market is very small in other cases. The possible reason is
that the carbon trading market is still in the initial stage in
China, and the degree of marketization of the carbon trad-
ing market with the implementation of the quota system
is not enough, so when subjected to normal shocks, the
net spillover effect of the carbon market is very low, but if
subjected to extreme positive shocks, the carbon trading
market will produce strong spillover effects, which indi-
cates that carbon trading in the normal operation of the
market can’t produce a big impact on the energy structure
of China [36], but when the market is subject to extreme
shocks, carbon trading will stimulate the transformation
of China’s energy structure.

This difference in the role played in market risk under
different conditions illustrates the defects of the approach
to exploring risk from low-order moments and medians
alone, and suggests that when exploring risk spillovers
between new energy, crude oil, precious metals and car-
bon markets it is important not only to capture asym-
metric information from the market’s conditional skewness
and conditional kurtosis, as well as the impact of extreme
shock events, but also to recognize the time-varying volatil-
ity characteristics of the higher-order moments attribute,
which is the only way to increase the precision of the mar-
ket’s risk characterizations, help investors and policymak-
ers to better understand the market, and help them to
formulate more accurate strategies.

4.2.2  Analysis of Risk Spillover Dynamics

Short-term and long-term risk spillover dynamics must
be analyzed separately, as short-term risk spillover dy-
namics are more unstable compared to long-term risk
spillover dynamics and are the main factor influencing risk

volatility between markets[37]; decomposing the level of
market risk spills into different frequency bands, where
d = (%, 7r) is the high-frequency band, the cycle length
represents from 1 to 22 days, and d = (0, 2”—2) is the low-
frequency band, the cycle length is more than 22 days.
The article obtains continuous spillover indexes through a
fixed rolling window, decomposes the total spillover level
into short-term spillover effects and long-term spillover ef-
fects, and utilizes dynamic spillover indexes to describe the
dynamic characteristics of the spillover effects of different
orders of moments among industries, where the median (
7 = 50% ) is utilized to characterize the dynamic average
spillover effect, and the low quartile ( 7 = 5% ) and the
high quartile ( 7 = 95% ) are utilized to characterize the
risky spillover extent of the left and right tails of the effect.
As can be observed in Figures 2, the total and short-term
spillover levels of conditional returns(Due to space limi-
tations, the continuous overflow index plots for the total
overflow level and short-term overflow level of conditional
variance, conditional skewness, and conditional kurtosis
have been omitted here. If necessary, please contact the
author) are more synergistic, and the short-term spillover
level is generally higher than the long-term spillover level
throughout the period under study, which illustrates that
the risk spillover between the markets is mainly dominated
by short-term risk spillover. Meanwhile, there are signif-
icant differences in the volatility between markets at dif-
ferent order moments and different quartiles, and the av-
erage spillover level of conditional returns is at 65% at the
low and high quartiles, and this result shows that the risk
spillover between new energy, crude oil, precious metals,
and carbon trading markets is more severe in the left and
right tails. Conditional variance and conditional skewness
have sharp fluctuations in market spillovers at the high
quartile ( 7 = 95% ), which indicates that they are more
affected by positive shocks; conditional kurtosis also has
sharp fluctuations at the low quartile ( 7 = 5% ), which
indicates that they are more seriously affected by extreme
negative event shocks.

The sensitivity of the net spillover index for each market
at different time-frequency quartiles is explored. Figures
3 show heat maps of the sensitivity of the time-frequency
quartiles between the new energy, crude oil, precious met-
als, and carbon markets, respectively. Red color indicates
that the market is a contributor to the net spillover and
blue color indicates that the market is a recipient of the
net spillover.

Based on Table 2, we can draw the following conclu-
sions:First, the net spillover effects of new energy and pre-
cious metals are consistent with each other, with the net
spillover effect of expected returns acting mainly as a con-
tributor, and the net spillover effect of conditional variance
acting as a major recipient of the net spillover effect. At
the low quartile of conditional skewness ( 7 < 20% ) and
at the high quartile ( 7 > 80% ) they are both recipi-
ents and contributors of net market spillovers, while under
the high quartile of conditional skewness, they act mainly
as recipients of net spillovers. Playing different roles in
quartiles of different order moments indicates that there
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Figure 2. Plot of Total Spillovers from a Rolling Window
of Conditional Yields

are obvious differences in risk spillovers across different
dimensions, therefore, the study of multidimensional risk
spillovers is very important for us to recognize and manage
risks. Second, the carbon market is a contributor to the net
spillovers from other markets in the (30%7 < 70%) quartile
of conditional returns, and a recipient of the net spillovers
from other markets in the (7 < 20%,7 > 70%) quartile,
which suggests that the structure of the net spillovers of
the carbon market transforms from a contributor to an
absorber when the market situation changes from a nor-
mal to an extreme state. This kind of information can
help investors when making decisions. Third, according
to Figuer 3 the heat map of the net spillover effect (Due
to space limitations, the results of net overflow of condi-
tional variance at different quantiles, net overflow of condi-
tional skewness at different quantiles, and net overflow of
conditional kurtosis at different quantiles have been omit-
ted here. If necessary, please contact the author), it can
be seen that the crude oil market plays the roles of both
spillover and receiver in different order moments through-
out the study period, which indicates that the crude oil
market plays the role of risk transmitter, which may be due
to the close connection between the other three markets of
crude oil. Fourth, risk spillovers in conditional variance,
conditional skewness, and conditional kurtosis are concen-
trated in the high and low quartiles (the extreme quar-
tiles), which suggests that risk spillovers between markets
are more severely affected by shocks from extreme events.
Fifth, risk spillovers from conditional returns are more sen-
sitive to risk spillover effects than higher-order moments at
different quartiles.
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Figure 3. Net Spillover of Conditional Yields Across Quar-
tile

In order to present more clearly the structural differ-
ences between short and long-term risk spillovers, the ar-
ticle draws short and long-term risk spillover network dia-
grams based on the risk spillover relationship between two-
by-two markets under different frequency bands, which
are shown in Figure 4 (Due to space limitations, the net
spillover network diagrams of conditional variance between
markets, conditional skewness between markets, and con-
ditional kurtosis between markets have been omitted here.
If necessary, please contact the author).Specifically, the
nodes in the network connectivity denote each market, the
line segments connecting the nodes denote the risk spillover
paths between the markets, the thickness of the paths de-
notes the intensity of the risk spillover, and the arrows
denote the net spillover from market i to market j, i.e.,
market i’s contribution to the market is greater than mar-
ket j’s contribution to the market. From the net spillover
network connectivity diagram, the following conclusions
can be drawn:

First, the thickness of the paths in the short-term
spillover network diagram is higher than that of the long-
term spillover network diagram paths, indicating that
short-term spillovers between markets are the main influ-
ence on net market spillovers, it also suggests that risk
spillovers between markets are mainly caused by shocks to
short-term events, which is consistent with the results of
the previous analysis.

Second, distinct markets may have distinct roles to play
in the short and long-term connection, and they may di-
verge, resulting in divergent short- and long-term market
reactions to an economic shock event. In the short-term
market under the (7 = 50%) quantile of conditional vari-
ance, the new energy market is a net spillover contribu-
tor to the carbon trading market, while in the long-term
market, the new energy market is a net spillover recipi-
ent from the carbon trading market. It may be because
in the short term China’s energy structure dominated by
coal, oil, etc. cannot be changed in the short term, and
the development of new energy is still immature, which
cannot fully meet China’s energy demand, combine with
the country’s strategic goal of carbon peaking and carbon
neutrality, which pushes up the price of new energy mar-
ket, and the price of new energy causes the price of carbon
trading market to rise.

Third, the direction and thickness of the net spillover



connectivity paths between markets change under different
quartiles. In the net spillover network diagram of condi-
tional yields, at the median (7 = 50%), the fact that the
crude oil market is a net spillover recipient from the other
three markets illustrates that China’s energy structure,
which is dominated by traditional fossil energy sources,
has not changed, and that when there is a normal price
shock in the market, the resulting risk spills over to the
crude oil market. However, in the low quartile (7 = 5%)
and high quartile (7 = 95%), the crude oil market has a
net risk spillover effect on the carbon trading market and
the degree of risk spillover is significantly enhanced, which
indicates that the median is not able to completely por-
tray the risk spillover effect between markets. Fourth, in
different order moments, the direction and degree of risk
spillover between markets are also differentiated. In the
connectivity network diagram of conditional expectation
and conditional skewness, the crude oil market is a net re-
cipient of market risk, but in the connectivity network dia-
gram of conditional variance and conditional kurtosis, the
crude oil market has a net spillover effect on the precious
metal market. Through the net spillover index network
diagram can be more accurate to recognize the source and
size of the impact of each market, conducive to investors to
build investment portfolios and hedging, conducive to re-
ducing risk, to help investors to obtain higher returns, but
also to help regulatory agencies for different markets to
develop appropriate risk prevention measures to enhance
market stability.
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Figure 4. Network Diagram of Net Spillovers in Condi-
tional Yields Between Markets

4.3 Further Analysis of Research Results

The empirical analysis in this section provides evidence of
high-order moment risk spillover between four commod-
ity markets. Previous studies have only examined the risk
spillover effects between commodity markets from the per-
spective of returns or volatility spillover effects, while fo-
cusing on skewness and kurtosis spillover to reflect the
asymmetric risk distribution or tail risk connections, as
well as how extreme events propagate throughout the mar-
ket and produce chain effects. In the context of economic

integration, markets will be interconnected through com-
modity channels or financial channels. Under the impact
of risks, market connectivity is enhanced and spillover is
intensified. For example, during the COVID-19 pandemic,
crude oil prices plummeted, even exceeding the spillover
level during the 2008 global financial crisis. During the
market downturn and the outbreak of COVID-19, the
spillover effects of the three high-order moment indicators
have increased, reflecting the rapid spread of market risk.
Monitoring market risk solely through the measurement of
volatility spillover is not enough. However, as the moment
order increases, the connectivity of the system weakens.
This may be because systemic volatility risk still plays a
major role, with weaker skewness and kurtosis risks. The
long-term effects between markets can be explained from
two perspectives: first, the persistence and long-term na-
ture of some market shocks, such as the impact of the shale
revolution and the COVID-19 [38]; Secondly, the market
often takes a long time to respond to shocks. The longer
response time to market shocks may be due to the larger
spillover effects between different markets in the precious
metals and energy systems compared to similar markets.
The research results of this section indicate that there is
a strong spillover effect between the gold and carbon mar-
kets, while the connection between the crude oil and natu-
ral gas markets is not very close, which may be due to the
decoupling of oil and natural gas [39], [40]. Different types
of markets interact through commodity channels, includ-
ing cost-effectiveness and inflation mechanisms, resulting
in slow information transmission [41].

5. Conclusions and Recommendations

Based on a new quartile time-frequency linkage method,
the article combines the GJRSK model to comprehensively
analyze the static spillover effect, dynamic spillover ef-
fect ,and net spillover effect of different quartiles among
crude oil, new energy, carbon ,and precious metal markets,
also investigates the quartile-extreme risk spillover effect
among the four markets, and at the same time combines
the network analysis to reveal the risk spillover among oil,
new energy, carbon and precious metal markets transmis-
sion paths and network structure to determine the relative
importance of each market. The main conclusions are sum-
marized below: First, this new measure better captures
multidimensional risk spillovers between markets, with dif-
ferences in risk spillovers between oil, new energy, carbon,
and precious metals markets under different market condi-
tions, as well as greater risk spillovers between markets un-
der extreme upward and extreme downward market condi-
tions; second, the different market conditions in which oil,
new energy, carbon, and precious metals markets are link-
ages are time-varying and vulnerable to extreme events.
At the same time, there is a strong relative tail depen-
dence between markets and tail risks are characterized by
asymmetry.

Based on the above findings, the following recommen-
dations are made: First, the market structure between oil,



new energy, carbon and precious metals is complex and
varies across distinct market situations and temporal con-
texts, investors need to pay close attention to the changes
in the economic environment and the sense of volatility of
the market in real time, to adjust their portfolio ratios in
a timely manner in order to achieve the goal of risk-return
maximization. Second, in extreme market conditions, the
risk spillover effect between markets is significantly en-
hanced and different dimensions of risk exhibit different
characteristics, so market regulators should pay attention
not only to the return and volatility risks between mar-
kets, but also to their skewness and kurtosis risks, as well
as to the multidimensional risk transfer between financial
markets, especially the extreme risk transfer under the in-
fluence of extreme events. Therefore, policymakers should
establish a system of early warning of risks as well as timely
and appropriate macroeconomic regulation after extreme
events to reduce the impact of economic uncertainty on
risk spillovers and to strengthen the emergency response
mechanism for major emergencies, thereby helping invest-
ment managers and investors drop risk.

This article analyzes the high-order moment risk
spillover effects between precious metals and energy mar-
kets based on a time-frequency domain spillover model,
and explores the time-frequency spillover effects between
carbon markets, oil, new energy, and precious metals
through the connection of the GIRSK model and quantile
VAR network. Suggestions are provided for investors and
policy makers. However, this article still has shortcom-
ings and needs to be expanded in future research. Firstly,
due to the limitations of the types of samples obtained,
this study mainly selected gold as the representative of
the precious metal market, and crude oil, carbon market,
and new energy market as the representatives of the en-
ergy market. However, there are far more varieties of pre-
cious metals and energy markets than these four. In the
future, more precious metals and energy markets will be
considered for research. Furthermore, this article only pro-
vides theoretical suggestions for constructing relevant in-
vestment portfolios based on the empirical results of the
risk linkage between precious metals and energy markets.
When constructing investment portfolios containing pre-
cious metals and energy commodities, further empirical
research is needed to consider whether the spillover effects
of high-order moments will significantly improve the per-
formance and efficiency of the investment portfolio. In ad-
dition, there are varying degrees of cross moment spillovers
in the commodity market at both low and high frequen-
cies, indicating that it is necessary to study this issue in
the context of portfolio management and asset allocation
in the future. Consider optimizing investment portfolios
into differentiated strategies that include different high-
order moments and frequencies to serve short-term and
long-term investment needs.

In future work, we will introduce macroeconomic and
policy factors to more comprehensively assess their impact
on risk spillovers; refine the analysis of market develop-
ment stages and introduce market maturity indicators; em-
ploy nonlinear models and multi-frequency band analysis
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methods to more accurately capture the dynamic charac-
teristics of risk spillovers; construct dynamic models that
include feedback mechanisms to deeply explore the bidi-
rectional causal relationships between variables; and vali-
date the robustness of the models through out-of-sample
forecasting. In addition, we will expand the scope of our
research to conduct comparative analyses between China’s
carbon market and international mature markets, as well
as emerging economies, to reveal broader global character-
istics. These improvements will make our research more
in-depth and extensive, providing stronger support for re-
search and practice in related fields.
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