
- 485 -

자원․환경경제연구  제 19권 제 3호
Environmental and Resource Economics Review
Volume 19, Number 3, September 2010 : pp. 485～508

Long Memory and Cointegration in

Crude Oil Market Dynamics

Sang Hoon Kang* and Seong-Min Yoon**

<Contents>

Ⅰ. Introduction

Ⅱ. Model Framework

Ⅲ. Empirical Results

Ⅳ. Conclusions

Ⅰ. Introduction

Crude oil prices and their volatility have a significant impact on

regional and global economic performance. Despite the hedging of some

short-term crude oil price risk in derivatives markets, the confronting
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fluctuations and uncertainties of long-term risk affect investment

decisions, and distort the optimal allocation of resources in crude oil

markets (Elder and Serletis, 2008). Since the oil crash in 1973, energy

economic researchers have paid a great deal of attention to the dynamics

of crude oil prices, with a particular interest in whether the time series

of crude oil prices is a stationary, I ( 0) , or a non-stationary process,

I ( 1)(Perron, 1989; Serletis, 1992).

More recent studies have indicated that crude oil prices show chaotic

and nonlinear dependence, or fractal structure (Adrangi et al., 2001;

Alvarez-Ramirez et al., 2002; Panas and Ninni, 2000; Serletis and Gogas,

1999). One common feature of a deterministic nonlinear process is long

memory associated with the slow decay of autocorrelation functions in

the first and second moments of the time series (Baillie, 1996). Unlike the

knife-edge distinction between the stationary process, I ( 0) and the non-

stationary process, I ( 1) , long memory refers to a fractionally integrated

process, I ( d ) . Long memory is a particularly interesting feature, because

its presence conflicts directly with the validity of the weak-form

efficiency of crude oil markets (Tabak and Cajueiro, 2007). Thus, the

presence of long memory indicates the evidence of nonlinear dependence

and, hence, is evidence of a predictable component in returns and

volatility.

Some empirical studies have conducted the long memory test, but the

results of long memory are mixed in the returns of crude oil markets.

Alvarez-Ramirez et al. (2002), Serletis and Rosenberg(2007) and Tabak

and Cajueiro (2007) have provided empirical evidence of long memory in

returns using the Hurst exponent. However, Elder and Serletis (2008)

found anti-persistence, characterized by no long memory in the returns,
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using the fractionally integrated ARMA (ARFIMA) model.1) Recent studies

have focused on the volatility stylized factors, i.e., long memory

clustering volatility and leverage effect. For example, Brunetti and Gilbert

(2000), Kang, Cho and Yoon (2009), and Choi and Hammoudeh (2009) have

investigated volatility persistence using the fractionally integrated GARCH

(FIGARCH) model.

The primary aim of this paper is to examine the long memory

property, and to investigate the causal relationship between returns and

volatility in three crude oil markets: Brent (North Sea-Europe), Dubai

(Persian Gulf) and West Texas Intermediate (WTI) Cushing (USA). The

main contribution of this study is twofold. First, it examines the long

memory property using the ARMA-FIAPARCH model,2) and it considers

the impact of a structural break on the presence of long memory

characteristics in the volatility of crude oil markets. Second, this study

explores the direction of causality between the returns and volatility of

three spot crude oil prices, using the vector error correction model

(VECM).3) It is of interest to establish whether shocks to crude oil

returns affect the dynamics of their volatility, and vice versa.

The rest of this paper is organised as follows. Section Ⅱ discusses the

1) The autoregressive moving average (ARMA) model is frequently used to model a

stationary process. The fractionally integrated ARMA (ARFIMA) model is charac-

terized by the autocorrelation function, which decays at a hyperbolic rate. For more

detail, see Granger (1980), Granger and Joyeux(1980), and Hosking(1981).

2) The fractionally integrated asymmetric power ARCH (FIAPARCH) model is a

generalization of the FIGARCH model of Baillie et al. (1996) that incorporates an

asymmetry feature of a conditional variance series. For more detail, see Tse (1998).

3) Prior studies have mainly focused on the causal relationships between price and

volume in crude oil futures markets. See Bhar and Hamori (2005), Fujihara and

Mougoue (1997), and Moosa and Silvapulle (2000).
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ARMA-FIAPARCH model and the VECM test. Section Ⅲ provides the

statistical characteristics of the sample data, and the estimation and test

results. The final section, Section Ⅳ, presents concluding remarks.

Ⅱ. Model Framework

1. ARMA-FIAPARCH Model

The asymmetric power FIGARCH (FIAPARCH) model combines the long

memory property and the asymmetric feature in the conditional variance Tse

(1998). Note that lag order selection issues are important when building an

ARMA(n, s) conditional mean equation. We estimate all possible combinations

of the ARMA (n, s) part with maximum n = 0, 1, 2 and s= 0, 1, 2. An

ARMA (2, 2)-FIAPARCH (1, d, 1) model is specified as follows:

(1-ψ 1L-ψ 2L
2 )(y t -μ ) = (1+θ 1+θ 2L

2 )ε t , (1)

ε t = z t h t, z t∼N( 0,1) , (2)

h t = ω+ [1-[1-β 1 ] - 1φ 1L(1-L ) d ]( |ε t |-γε t )
δ , ω > 0, (3)

where y t denotes the returns of crude oil prices, and μ , ψ 1, ψ 2, θ 1 and

θ 2 are the parameters of the conditional mean equation (1). The

innovation ε t has a zero mean and a variance h t.

In conditional variance equation (3), ω, β 1, φ1 and d are the parameters

to be estimated, the δ (δ > 0) is a coefficient for the power term, and
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γ (-1 < γ < 1) accounts for volatility asymmetry, in which positive and

negative returns of the same magnitude do not generate an equal degree of

volatility. Furthermore, the persistence of shocks to the conditional variance

or the degree of long memory is measured by the fractional differencing

parameter d (-1 ≤d ≤1). For example, the fractional order of integration

allows for an inter mediate range of persistence between the covariance

stationary process (d = 0) and the infinite non-stationary process (d = 1).

The estimation procedure of the FIAPARCH model requires a minimum

number of observations. This minimum number is related to the

truncation order of the fractional differencing operator (1-L ) d.

Following the standard procedure in the literature, the truncation order of

the infinite (1-L ) d is set at 1,000 lags :

(1-L ) d = ∑
1000

k= 0

Γ (k-d )
Γ (k+1) Γ (-d )

L d (4)

where Γ (․) denotes the gamma function. The parameters of the FIAPARCH

model can be estimated using non-linear optimization procedures to maximize

the logarithm of the Gaussian likelihood function. The log-likelihood

of Gaussian or normal distribution (L norm ) can be expressed as

L norm = -
1
2

∑
T

t= 1
[ ln (2π )+ ln (σ2

t )+z 2
t ] , (5)

where T is the number of observations. Since most returns are not well

described by the conditional normal distribution in the maximization of a

likelihood function (ML), the subsequent inference is consequently based

on the Quasi Maximum Likelihood Estimation (QMLE) technique of

Bollerslev and Wooldridge (1992).
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T 1/2 ( θ̂ T -θ 0 )→N {0,Α(θ 0 ) - 1Β (θ 0 )Aθ- 1
0 } (6)

θ̂ T , based on T observations, is consistent and asymptotically normally

distributed, θ 0 denotes the true parameter values, and A(․) and B (․)

represent the Hessian and outer product gradients, respectively. Bollerslev

and Wooldridge (1992) have shown that the QMLE estimators obtained

under the normality assumption are consistent if the conditional mean and

conditional variance are correctly specified.

However, it has been widely observed that the residuals suffer from

excess kurtosis and skewness. To capture excess kurtosis and skewness

in the returns series, Bollerslev (1987) and Baillie and Bollerslev (1989)

introduced the log-likelihood function of the Student-t distribution (L ST ) ,

as follows :

L st = T { lnΓ ( ν+1
2 ) - lnΓ ( ν2 ) -

1
2

ln [π (ν-2)]}

-
1
2

∑
T

t= 1
{ ln (σ 2

t )+ (1+ν ) [ ln (1+
z 2

t

σ 2
t (ν-2) )]} , (7)

where 2 < ν ≤∞. The lowest values of parameter ν are the fatter tails of

the density. As ν →∞, the Student-t distribution approaches a normal one.

2. Vector Error Correction Model

A VECM is a restricted vector autoregression (VAR) model designed

for non-stationary time series that are cointegrated. Provided that the

series are cointegrated, the possibility of the estimated regression being

spurious is ruled out, due to omitted variable bias, autocorrelation and
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endogeneity (Engle and Granger, 1987). Importantly, the VECM approach

is able to control the possible effects of cointegration.

We will examine the cointegrating relationships between the three

crude oil returns and their variances using the VECM. Consider that the

simple VECM is

Δy t = c y +c 1,1EC t- 1+ ∑
m

t= 1
α 1, i (Brent (Δy t- i ))

+ ∑
m

i= 1
β 1, i (Dubai (Δy t- i ))+ ∑

m

i= 1
γ 1, i (WTI (Δy t- 1 ))

+ ∑
m

i= 1
ψ 1, i (Brent (Δh t- i ))+ ∑

m

i= 1
ρ 1, i (Dubai (Δh t- i ))

+ ∑
m

i = 1
ξ 1, i (WTI (Δh t- 1 ))+ ε y, t (8)

Δh t = c h +c 2,1 EC t- 1 + ∑
m

i= 1
α 2, i (Brent (Δy t- i ))

+ ∑
m

i= 1
β 2, i (Dubai (Δy t- i ))+ ∑

m

i= 1
γ 2, i (WTI (Δy t- 1 ))

+ ∑
m

i= 1
ψ 2, i (Brent (Δh t- i ))+ ∑

m

i = 1
ρ 2, i (Dubai (Δh t- i ))

+ ∑
m

i= 1
ξ 2, i (WTI (Δh t- 1 ))+ε h, t, (9)

where Δ is the first-differencing operator, and EC t- 1 is the error

correction term, Δyt and Δh t are the vectors of the returns and the

variances, respectively, of the three crude oil prices, and α i, β i , γ i , ψ i,

ρ i , ξ i are the coefficients of the explanatory variables. The coefficients

of EC t- 1 , c 1,1 and c 2,1 capture the adjustments of Δyt and Δh t

towards long-run equilibrium. The short-run causality relationships can

be tested through the coefficients of each explanatory variable.
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and geopolitical implications. For example, (1) the remarkable price falls

in the period 1997～1998, due to the slowdown of Asian economic growth;

(2) OPEC (Organisation of Petroleum Export Countries) curtailed the

production of crude oil by 4.2 million barrels per day between 2000 and

2001, resulting in an increase in crude oil prices; (3) the uncertainties

associated with the 9/11 attack in New York in 2001, and the subsequent

US military action in Iraq in March 2003, reversed the trend in oil prices;

(4) current crude oil prices have risen to over $70 per barrel for a

variety of reasons, including North Korea’s missile launches, the crisis

between Israel and Lebanon and Iranian nuclear brinkmanship.

<Table 1> Descriptive Statistics for Oil Price Returns

Series Brent Dubai WTI

Mean 0.035 0.039 0.034

Standard deviation 2.472 2.370 2.537

Minimum -23.15 -16.33 -16.28

Maximum 19.70 15.10 20.08

Skewness -0.408 -0.146 -0.093

Excess kurtosis 8.555 5.669 5.426

Jarque-Bera 2552.8*** 1586.9*** 1532.4***

Q (24) 72.42
***

79.20
***

64.06
***

Q s( 24) 532.41*** 553.65*** 261.93***

BDS(6) 13.01*** 13.88*** 11.69***

Notes : The Jarque-Bera statistic tests for the null hypothesis of normality in

sample returns distribution. Q (24) and Q s( 24) are the Box-Pierce

statistics of the return series and the squared return series for up to 24th

order serial correlation, respectively. BDS(6) corresponds to the t-statistics

of the BDS test with the embedding dimension m = 6 . *** indicates

rejection of the null hypothesis at the 1% significance level.

































요 약

- 716 -

국제원유시장의 동적 움직임에 내재하는

장기기억 특성과 공적분 관계 연구

강상훈․윤성민

본 연구에서는 세 개의 대표적 국제원유시장(Brent, Dubai, WTI)의 동적 움직임에

내재되어 있을 수 있는 장기기억 특성과 공적분 관계를 분석한다. 이를 위하여 세 원

유시장 일별 가격 시계열자료에 구조변화를 고려한 ARMA-FIAPARCH 결합모형과

벡터오차수정모형(VECM)을 적용하여 추정과 통계적 검정을 수행하였다. 실증분석 결

과 세 원유시장 변동성에는 장기기억 특성이 존재하며, ARMA-FIAPARCH 모형이

그러한 장기기억 특성을 잘 포착하는 것으로 나타났다. 또 공적분 검정 결과 공적분

관계가 존재하여 VECM을 추정하였다. VECM 추정 결과에 따르면 원유시장의 수익

률과 변동성 사이에는 양방향의 영향이 존재하는 것으로 나타났는데, 이러한 결과는

원유시장의 경우 수익률이 변동성(위험)에 영향을 미치고 또 변동성이 수익률에 영향

을 미친다는 것을 의미한다. 이와 같은 발견은 원유시장 구매자 및 판매자들이 원유가

격의 동적 움직임을 이해하고 위험을 예측하는데 도움을 줄 것이다.

주제어 : 장기기억, 구조변화, 공적분, 수익률-변동성 관계
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Long Memory and Cointegration in

Crude Oil Market Dynamics

Sang Hoon Kang and Seong-Min Yoon

This paper examines the long memory property and investigates cointegra-

tion in the dynamics of crude oil markets. For these purposes, we apply

the joint ARMA-FIAPARCH model with structural break and the vector

error correction model (VECM) to three daily crude oil prices: Brent, Dubai

and West Texas Intermediate (WTI). In all crude oil markets, the property

of long memory exists in their volatility, and the ARMA- FIAPARCH

model adequately captures this long memory property. In addition, the results

of the cointegration test and VECM estimation indicate a bi-directional

relationship between returns and the conditional variance of crude oil

prices. This finding implies that the dynamics of returns affect volatility,

and vice versa. These findings can be utilized for improving the understanding

of the dynamics of crude oil prices and forecasting market risk for buyers

and sellers in crude oil markets.

Keywords : long memory, structural break, cointegration,

returns-volatility relationship




