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We reinvestigate the “rockets and feathers” effect between retail gasoline and crude oil prices in a new frame-
work of fractional integration, long-term memory and borderline (non)stationarity. The most frequently used
error-correction model is examined in detail and we find that the prices return to their equilibrium value
much more slowly than would be typical for the error-correction model. Such dynamics is usually referred to
as “the Joseph effect”. The standard procedure is shown to be troublesome and we introduce two new tests to
investigate possible asymmetry in the price adjustment to equilibrium under these complicated time series char-
acteristics. On the dataset of seven national gasoline prices, we find no statistically significant asymmetry. The
proposed methodology is not limited to the gasoline and crude oil case but it can be utilized for any asymmetric
adjustment analysis.

© 2015 Elsevier B.V. All rights reserved.
1 Specifically, the autocorrelation function ρ(k) (with lag k) of long-term correlated se-
ries decays as ρ(k) ∝ k2H − 2 for k →+ ∞. Hurst exponent H represents a strength of the
long-term correlations. A time series is standardly labeled as long-term correlated for
1. Introduction

Gasoline prices shoot up like rockets and fall down slowly like
feathers — such is a popular belief and a feeling of retail customers at
gasoline stations. Increasing gasoline prices in the last decade have
made such notion evenmore relevant to general public aswell as to pol-
icymakers. The study of Bacon (1991) has coined the term “rockets and
feathers” into the literature and since then, the topic has attractedmuch
attention. The price of gasoline, after controlling for taxes, is primarily
driven by the crude oil prices, even though such effect is indirect as
there are usually several steps from the oil rigs and wells to the retail
customers. Although the passthrough of the oil price to the retail gaso-
line prices might take relatively a long time, due to economic reasons
such as transportation, menu costs, storage and others, the price adjust-
ment should be symmetric whether the oil prices are going up or down.
Mandelbrot andWallis (1968) refer to such long-term dynamics as the
Joseph effect inspired by the biblical story of Joseph (son of Jacob) who
interpreted a dream of the Egyptian pharaoh about upcoming seven
years of plenty followed by seven years of famine (Chapter 41 of the
Book of Genesis). The dream-telling had been rewarded and Joseph
served as the pharaoh's vizier. The years of plenty and the years of
ory and Automation, Academy
, 182 08 Prague, Czech Republic.
famine represent long periods when time series are above or below
their long-term mean. From an econometric standpoint, this is repre-
sented by a slow decay of autocorrelation function of the long-term
correlated1 (long-range correlated, or persistent) series (Beran, 1994;
Samorodnitsky, 2006).

Even though the parallel between price adjustment and the Joseph
effect might be vivid and straightforward, it does not reflect the
approach taken in majority of the empirical literature investigating the
“rockets and feathers” effect in the gasoline market. In Section 2, we
present a comprehensive literature review of the asymmetric price
adjustment between gasoline and crude oil and we show that the stud-
ies usually begin with the assumption of the long-term equilibrium
relationship between retail gasoline (or diesel in some cases) and crude
oil. Specifically, the cointegration relationship is being built upon.
This is well grounded both theoretically and empirically. However, the
next step usually stems in estimating some form of an error-correction
model. The deviation from equilibrium, represented by the error-
H N 0.5. Such process follows long-lived deviations from its mean, yet still reverts back
to it for H b 1.5 (a randomwalk process has H= 1.5). This type of a process has been his-
torically labeled as “the Joseph effect” (Mandelbrot andWallis, 1968) due to its long-term
behavior, similar to the biblical reference.
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correction term in the cointegration equation, is thus assumed to return
to zero, i.e. the equilibrium state, rather quickly. We describe the
cointegration and error-correction models methodology in Section 3.
There, we also introduce the analyzed dataset, which comprises of the
gasoline markets of Belgium, France, Germany, Italy, the Netherlands,
the UK and the USA, and we focus on the basic dynamic properties
of the series as well. We show that the gasoline markets are indeed
cointegrated with crude oil. However, we also show that gasoline prices
return to their long-run equilibrium very slowly. Specifically, we show
that such dynamics can be attributed to long-term correlations and
hence the Joseph effect rather than to the rapidly adjusting error-
correction model. We argue that such a strong memory makes the stan-
dard error-correction models and their variants infeasible. As a solution,
we propose two new tests for examining asymmetry in the cointegration
framework. In Section 4, we present results of the asymmetry testing on
the international gasoline markets and we show that there is no statisti-
cal evidence of the “rockets and feathers” dynamics towards equilibrium,
and we also outline possible directions of future research in this area.
Section 5 concludes.

2. Literature review

The term “rockets and feathers” has been connected with crude
oil and retail gasoline since 1991 when Robert Bacon published his
famous article (Bacon, 1991). Since then, vast research focusing on the
(a)symmetric behavior of prices “at the pump” has been performed.
Its motivation is to explain this phenomenon and understand whether
any policywould improve the currentmarket situation. As the literature
on the topic is quite broad, we summarize the reviewed articles in
Table 1 while focusing mainly on the analyzed time period, location
and possible asymmetry.

The most common econometric approach investigating the asym-
metry is the error-correction model (ECM). We focus on this dominant
branch of the literature. All the ECMs are based on the two step Engle
and Granger (1987) procedure that exploits the long-run equilibrium
Table 1
Summary of the “rockets and feathers” literature.

Reference Period Country

Al-Gudhea et al. (2007) 1998–2004 USA
Bachmeier and Griffin (2003) 1985–1998 USA
Bacon (1991) 1982–1989 UK
Balke et al. (1998) 1987–1996 USA
Balmaceda and Soruco (2008) 2001–2004 Santiago, Chile
Bettendorf et al. (2003) 1996–2001 the Netherlands
Borenstein and Shepard (2002) 1985–1995 USA
Borenstein et al. (1997) 1986–1992 USA
Chen et al. (2005) 1991–2003 USA
Deltas (2008) 1988–2002 USA (separate states)
Douglas (2010) 1990–2008 USA
Duffy-Deno (1996) 1989–1993 Salt Lake City, USA
Eckert (2002) 1989–1994 Windsor, Ontario, Canada
Galeotti et al. (2003) 1985–2000 International (DE, ES, FR, I
Godby et al. (2000) 1990–1996 Canada (13 cities)
Grasso and Manera (2007) 1985–2003 International (DE, ES, FR, I
Honarvar (2009) 1981–2007 USA
Johnson (2002) 1996–1998 USA (15 cities)
Karrenbrock (1991) 1983–1990 USA
Kaufmann and Laskowski (2005) 1986–2002 USA
Lewis (2011) 2000–2001 San Diego, CA, USA
Liu et al. (2010) 2004–2009 New Zealand
Nagy Eltony (1998) 1980–1996 UK and USA
Oladunjoye (2008) 1987–2004 USA
Panagiotidis and Rutledge (2007) 1996–2003 UK
Radchenko (2005) 1993–2003 USA
Reilly and Witt (1998) 1982–1995 UK
Tappata (2009) Theoretical General
Verlinda (2008) 2002–2003 USA

Abbreviations: ECM (error-correction model), M-TAR (momentum threshold autoregressive m
autoregressive model), VAR (vector autoregression), and VECM (vector error-correction mode
relationship between, in our case mostly, crude oil and retail gasoline.
Various ECM specifications could be put into three groups— asymmetric
ECM (used by most studies), threshold autoregressive ECM (Al-Gudhea
et al., 2007; Godby et al., 2000) and ECM with threshold cointegration
(Chen et al., 2005). For more detailed analysis, see the work of Grasso
and Manera (2007) who study the sensitivity of various ECMmodels in
order to understand how the choice of a particular model influences
the results.

Existing literature differs by a country, a sample period and a data
frequency, an econometric model and a research question. Paper of
Borenstein et al. (1997) has influenced all subsequent papers and it
serves as the reference point until now. The study is focused on the US
market in 1986–1992 and its findings are based on ECM. The authors
provide evidence for a common belief that after a crude oil price chang-
es, gasoline prices rise faster than they fall. They try to identify the stage
where the asymmetry occurs but is seems to be spread over all stages.
The paper also offers an explanation for the asymmetric retail price
adjustment (sticky prices, production lags, and inventories).

Balke et al. (1998) extend the previous study using several different
model specifications and they confirm the asymmetry and conclude
that the findings are sensitive to model specifications but not to the
sample period. Bachmeier and Griffin (2003) use daily (spot) prices
from the US market and find no evidence of asymmetry in wholesale
gasoline prices. Analysis of Borenstein et al. (1997) is performed on
weekly and biweekly data and that is how Bachmeier and Griffin
(2003) explain different results— broader interval can result in a signif-
icant bias.

The literature on the “rockets and feathers” phenomenon can be
viewed and compared from many different angles. Firstly, the studies
can be divided according to a country of interest. Most of the studies
focus on the US market, some on Canada and the UK, few on Western
European countries, other countries like Chile (Balmaceda and Soruco,
2008) or New Zealand (Liu et al., 2010) are studied only rarely. Accord-
ing to Duffy-Deno (1996), the asymmetric effect depends also on the
market size, and conclusions made based on local markets' data cannot
Model/method Results

TAR, M-TAR, VECM Asymmetry
ECM (asymmetric) Symmetry
Quadratic quantity adjustment function Asymmetry
ECM (asymmetric) Asymmetry
ECM Asymmetry
ECM (asymmetric) Neutral
LAM, PAM and VAR Asymmetry
ECM Asymmetry
ECM (threshold) Asymmetry
ECM (various) Asymmetry
ECM Depends on outliers
Markup model with first differences Asymmetry
ECM (reduced) Asymmetry

T, UK) ECM (dynamic) Asymmetry
TAR within EC framework Symmetry

T, UK) ECM (asymmetric, threshold) Asymmetry
ECM (crouching) Asymmetry
ECM Asymmetry
Markup model with first differences Symmetry
ECM (restricted and unrestricted) Asymmetry
Consumer search model (with EC term) Asymmetry
ECM (asymmetric) Asymmetry
ECM (dynamic) Asymmetry
ECM (asymmetric) Symmetry
VECM Symmetry
ECM, VAR and PAM Asymmetry
ECM (unrestricted dynamic) Asymmetry
Consumer search model Asymmetry
ECM Asymmetry

odel), PAM (partial adjustment model), LAM (lagged adjustment model), TAR (threshold
l).
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be generalized and applied to national markets. Deltas (2008) also re-
lates the asymmetry to the local market conditions. Secondly, according
to the objective, the articles' aim is to (dis)prove the asymmetry or to
analyze the asymmetry itself. Thirdly, a sample period and a data fre-
quency matter, and mainly the latter one that varies from daily
to monthly, and various specifications (simple price averages or prices
collected on a specific day of the week) are utilized. For example,
Bettendorf et al. (2003) estimate the ECM for five datasets, one for
each working day, to find out whether the choice of a weekdaymatters.
Fourthly, according to the results, asymmetry prevails but it is not unan-
imous. Godby et al. (2000) work on Canadian data and, together
with Bachmeier and Griffin (2003) and Karrenbrock (1991), they are
among few authors who cannot reject symmetry. The three mentioned
studies that report no asymmetry all worked with different data
frequency which suggests that frequency may not be the crucial factor.
Some findings are also neutral as in Bettendorf et al. (2003) or
Oladunjoye (2008). From a different angle, Douglas (2010) claims that
the uncovered asymmetry is caused by outliers in the analyzed dataset.
The asymmetry disappears when the outliers are excluded.

Last but not least, we can split the articles according to the approach
that explains the asymmetry as all papers discuss the causes of the
asymmetry as well. There are threemajor explanations. The first one fo-
cuses onmarket power and connects thephenomenon to the oligopolis-
tic theory. Market power is the most widespread explanation. Price of
retail gasoline is easily available and of interest to all drivers, which is
a large group of consumers that frequently suspect some form of a
collusion, even though there is little evidence of the market power
abuse (Brown and Yücel, 2000). Moreover, even if there was a player
with a significant market power, Peltzman (2000) does not find any
link between market power and asymmetric pricing. On the contrary,
Radchenko (2005) attributes asymmetry to the oligopolistic theory
and finds negative relation between oil price volatility and asymmetric
response of gasoline prices — a degree of asymmetry declines with an
increase in oil price volatility.

The second explanation analyzes the demand side of themarket and
claims that consumers cause part of the asymmetry, a theory known as
the consumer search theory. Consumers search less intensively for a
better dealwhen prices are falling. Imagine a driver passing by a gas sta-
tion who spots gasoline rack prices and now gasoline costs less than he
expected. If our hypothetical driver is in a need of gasoline, he will stop
at that station (and observe others' prices as he goes hisway). In his the-
oretical paper, Tappata (2009) suggests that the asymmetric response
emerges naturally, based on consumer search. Lewis (2011) also says
that consumers search less when prices are falling, the reduced search
causes a slower price response. Johnson (2002) gives the following im-
plication — if search costs are such an important factor that determines
the lag length, then there should be a shorter adjustment lag in the case
of diesel than in the case of gasoline, as diesel is typically bought in larg-
er quantities and more frequently so that the customers have a greater
incentive to search.

Other (minor) explanations form the third group. Decreasing inven-
tories are the reason to either produce less (resulting in a price increase)
or buymore inputs (resulting in a price increase aswell). Unfortunately,
the opposite does not have to hold for an increasing amount of invento-
ries which adjust more slowly. The intention is to avoid abrupt price
changes and not to increase an already high price volatility. The FIFO
(first in first out) accounting principle built in the pricing process does
not smooth the price/costs changes and refinery adjustment costs either,
it follows the behavior of inventories. Gasoline prices respond to cost
shocks with a lag in order to spread the adjustment costs (Borenstein
and Shepard, 2002).

Panagiotidis and Rutledge (2007) test the assumption that liberali-
zation should cause decoupling of gas and oil prices on the British
data. Their results do not support the expectations, which on the con-
trary support the cointegration relation of crude oil and retail gasoline.
Galeotti et al. (2003) revisit the phenomenon analyzing an international
data set (joint data for France, Spain, Italy, Germany and the United
Kingdom) and break up the process into two stages— refinery and dis-
tribution. In both cases, asymmetry is found. Verlinda (2008) then fo-
cuses on a local market, believing in its greater information value.
Employing a detailed weekly data at a station level and local market
characteristics, the author concludes that the degree of asymmetry is in-
fluenced by a brand identity, a proximity to rivals, local market features
and demographics.

Reilly andWitt (1998) focus on the work of Bacon (1991) and their
findings do not support those of Bacon who claims the upward price
process to be slightly faster and the period of adjustment more concen-
trated than in the case of downward price movement. According to
Reilly and Witt (1998), both price changes are fully passed through
in the long-run. Eckert (2002) studies the Canadian data (Windsor,
Ontario) and rejects a tacit collusion as the explanation of asymmetry,
and instead points out that retail price series show an asymmetric
cycle, which is not present in the wholesale prices series. And finally,
Kaufmann and Laskowski (2005) argue that asymmetry is implied by
the efficient gasolinemarkets so that there is little justification for policy
interventions.

3. Data and preliminary analysis

We analyze weekly gasoline prices for Belgium, France, Germany,
Italy, the Netherlands, the UK and the USA and their possible asymmet-
ric transmission referred to as the “rockets and feathers” effect in the lit-
erature. For the European markets, we utilize the Brent crude oil as an
exogenous production variable, and for the US market, we use the
WTI crude oil. The oil prices are the average weekly spot prices and
the gasoline prices are the average retail prices for the given country.
The whole dataset was obtained from www.eia.gov. The analyzed peri-
od starts on 08.01.1996 and goes up to 19.5.2014, which gives us 959
weekly prices for each variable.

Evolution of all the analyzed prices is illustrated in Fig. 1. The gaso-
line prices are reported without taxes and in the US dollars per gallon
for a better comparison. Crude oil prices are reported in the US dollars
per barrel. We observe that the gasoline prices for all countries practi-
cally overlap for the whole analyzed period. The same thing can be
said about the Brent and WTI crude oils until 2011. However, from
2011 onwards, the WTI price remains below the Brent price due to
changes in the US oil policies. Even though the initial divergence of
the series is rather sharp, the prices have been converging during the
last months.

Traditional “rockets and feathers” literature builds on the assump-
tion that gasoline and crude oil prices are cointegrated, i.e. they tend
to a long-run equilibrium, in economic terms. As crude oil prices can
be taken as an exogenous variable and all prices are reported in the
US dollars, we can write the long-run equilibrium relationship as

log Gi;t

� �
¼ β0 þ β1log COi;t

� �
þ εi;t ð1Þ

whereGi,t is the gasoline price of country i at time t, and COi,t is the crude
oil price respective to country i at time t. Due to the logarithmic specifi-
cation of Eq. (1), parameter β1 can be interpreted as a long-term elastic-
ity or a long-term passthrough. Error-correction term εi,t is a deviation
from the long-term equilibrium. If the prices return to their long-term
equilibrium more slowly from above than from below, the situation is
labeled as the “rockets and feathers” effect. Therefore, the analysis of be-
havior of the error-correction term separately above and below the
equilibrium value becomes crucial.

As we have demonstrated in the preceding sections, the typical way
how to approach such problem is to treat Eq. (1) as the cointegration re-
lationship. If such relationship is found, the authors usually tackle the
series using the (vector) error-correction model. Such procedure as-
sumes that the original series G and CO are unit roots, i.e. integrated of

http://www.eia.gov


Table 2
Unit-root and stationarity testing.

Country ADF p-Value KPSS p-Value

Belgium −1.1166 N0.1 10.9231 b0.01
France −1.1415 N0.1 11.1559 b0.01
Germany −1.1823 N0.1 10.8568 b0.01
Italy −0.9969 N0.1 11.1836 b0.01
the Netherlands −1.2177 N0.1 10.6809 b0.01
UK −1.6644 N0.1 10.9663 b0.01
US −0.8690 N0.1 11.0235 b0.01
Brent −0.9535 N0.1 11.0037 b0.01
WTI −1.1199 N0.1 10.8473 b0.01

3 Processes with the fractional integration parameter d≈ 0.5 are usually referred to as
borderline stationary.

4 The local Whittle estimator is a semi-parametric maximum likelihood estimator
utilizing the likelihood function of Künsch (1987) and using a part of spectrum near the
origin. Spectrum f(λ) is estimated using periodogram I(λ). For the time series of
length T, and setting m ≤ T/2 and λ = 2πj/T, the Hurst exponent is estimated as
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reported in the US dollars per gallon. All series have been obtained from www.eia.gov.
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order one, I(1), and the error-correction term is stationary and weakly
dependent, i.e. integrated of order zero, I(0)..2 As the cointegration rela-
tionship is usually built simply on the prices of gasoline and crude oil,
the Engle–Granger two-step cointegration testing procedure is applied
(Engle and Granger, 1987). The procedure stems in two steps. Firstly,
the original series of Eq. (1) are tested for unit root using theAugmented
Dickey–Fuller (ADF) test (Dickey and Fuller, 1979). And secondly, if
both the original series are found to contain unit root, the cointegration
relationship in Eq. (1) is estimated using OLS and the residuals are test-
ed for the unit root presence as well. If the unit root is rejected for the
residuals, i.e. the estimated error-correction term, we say that series G
and CO are cointegrated.

For our dataset, we find straightforward results for the original
series, which are summarized in Table 2 — all the analyzed series con-
tain unit root. In Table 2, we also apply the KPSS test (Kwiatkowski
et al., 1992), which has a null hypothesis of I(0), i.e. weakly dependent
stationarity. The latter test supports the finding of unit roots in all
gasoline and crude oil prices. The series are thus eligible for possible
cointegration relationships. Estimated long-run elasticities (also stan-
dardly referred to as a long-term passthrough or a long-term transmis-
sion), together with heteroskedasticity and autocorrelation consistent
(HAC) standard errors, are summarized in Table 3. The long-term trans-
missions vary between 0.6 and 0.8 and we thus do not observe a com-
plete passthrough of the crude oil price and its changes into gasoline
prices for any of the analyzed markets. However, the more important
findings are reported in the right part of the table.
2 A level of integration reflects a number of times the series needs to be difference to be-
come a weakly dependent stationary process, i.e. integrated of order I(0). This number is
standardly labeled as d. The parameter d does not necessarily need to be a finite number.
For such case, we speak about fractionally integrated processes as these need to be frac-
tionally differenced to attain d = 0. The parameter is important for describing dynamic
properties of the series. For d= 0, we have a weakly dependent stationary process, as al-
ready noted. For d N 0,we have a long-range dependent process. Processeswith d b 0.5 are
stationary andmean-reverting, the oneswith 0.5≤ d b 1 are non-stationarybut stillmean-
reverting, and the ones with d ≥ 1 are non-stationary and not mean-reverting, i.e. explo-
sive. The fractional differencing parameter d is tightly connected toHurst exponentH from
the definition of long-term memory as d = H − 0.5.
There, we report the ADF and KPSS tests for the error-correction
terms from all the cointegration relationships, which are illustrated
in Fig. 2. The results are again quite straightforward — the error-
correction terms are not unit root series but are also not stationary
(or they are borderline stationary3). This is further supported by the
estimated d parameters using the local Whittle4 (Robinson, 1995) and
the GPH5 (Geweke and Porter-Hudak, 1983) estimators. The estimates
and standard errors suggest that most of the error-terms are borderline
(non-)stationarywith0:5bdb1.We can thus safely say that all of the an-
alyzed pairs are cointegrated. However, we can also safely state that the
error-correction terms are not I(0). Even though this does not play any
significant part for the cointegration itself, it plays a crucial role in the
appropriateness of the error-correction models. Using the notation of
Eq. (1), we can write the error-correction model (ECM) as

Δlog Gi;t

� �
¼ γ0 þ

Xp
j¼1

γ jΔlog Gi;t− j

� �
þ
Xp
j¼1

δ jΔlog COi;t− j

� �
þ ηε̂i;t−1 þ ui;t :

ð2Þ

The regression is estimated using the ordinary least squares and pa-
rameter η is negative for the cointegration relationship, i.e. the error-
correction term reverts back to the mean values and the cointegrated
pair does not diverge.6 The logarithmic differences of the gasoline and
crude oil prices are I(0) automatically, i.e. from the fact that the prices
are I(1). However, for a feasible estimation procedure, we also need a sta-
tionary andweakly dependent error-correction term ε̂t. This is usually as-
sumed from rejection of the null hypothesis of the ADF test, i.e. from the
rejection of unit root. However, a rejection of I(1) does not automatically
imply either of I(0), stationarity or weak dependence. Figures shown in
Table 3 clearly show that the error-correction terms do notmeet the nec-
essary criteria for ECM to be correctly estimated. There are various rea-
sons why the estimation procedure in Eq. (2) does not work when the
j

Ĥ= argminR(H) where R Hð Þ ¼ log 1
m∑m

j¼1λ
2H−1
j I λ j

� �� �
− 2H−1

m ∑m
j¼1logλ j. The estimator

is consistent and asymptotically normal.
5 The GPH estimator is based on a full functional specification of the underlying process

as the fractional Gaussian noise which yields a specific spectral density which is in turn
used in the regression estimation of log I(λj) ∝ − (H − 0.5) log[4sin2(λj/2)] using the
periodogram in the same way as the previously defined local Whittle estimator.

6 The error-correction specification allows for distinguishing between a short-run
passthrough represented by δj parameters and a long-run passthrough represented by
the parameter η. As we argue here, the ECM specification is infeasible in the crude oil
and gasoline market so that the separation between these two effects looses its meaning.
We thus strictly focus on the long-runpassthrough implied from theoriginal cointegration
relationship given by β1 in Eq. (1).

http://www.eia.gov


Table 3
Cointegration & error-correction term testing.

Country Transmission SE ADF p-Value KPSS p-Value LWE GPH

Belgium 0.6804 0.0123 −3.2763 0.0160 1.2094 b0.01 0.6574 [0.0645] 0.6857 [0.0924]
France 0.7842 0.0096 −5.1817 b0.01 0.7797 b0.01 0.5201 [0.0645] 0.6012 [0.0982]
Germany 0.7005 0.0146 −3.7932 b0.01 1.2647 b0.01 0.7139 [0.0645] 0.8044 [0.1117]
Italy 0.6690 0.0104 −2.8726 0.0486 0.8037 b0.01 0.6138 [0.0645] 0.6709 [0.1102]
Netherlands 0.6329 0.0114 −3.9637 b0.01 0.5147 0.0420 0.7105 [0.0645] 0.7000 [0.1024]
UK 0.7478 0.0146 −4.0413 b0.01 0.3121 N0.1 0.6036 [0.0645] 0.5217 [0.0936]
US 0.7560 0.0106 −4.4462 b0.01 0.6123 0.0290 0.4630 [0.0645] 0.4995 [0.1275]
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error-correction term is not I(0).We now shortly focus on themost obvi-
ous one.

Assume that Eq. (2) holds and also assume that the error-correction
term ε̂i;t−1 is integrated of order higher than zero, i.e. it is a long-term
memory process as reported for our dataset. From the definition of the
standard cointegration relationship, we know that both log(Gi,t) and
log(COi,t) are integrated of order one, i.e. I(1). Their first differences
are thus automatically I(0). Turning now back to Eq. (2), we have an
I(0) process (left hand side of the equation) being a sum of three
I(0) processes (gasoline, crude oil and an error term ui,t) and one pro-
cess integrated of order higher than zero. This is a contradiction as the
sum of integrated processes is asymptotically integrated of the same
order as the highest order among the separate processes (Engle and
Granger, 1987; Kristoufek, 2013; Samorodnitsky, 2006). The estimation
is thus inconsistent.

Even though we do not replicate the time series analyzed in other
studies using ECM and asymmetric ECM, we can quite confidently spec-
ulate that the statistical and dynamic properties of the gasoline and
crude oil series do not differ much from the ones we report and it is
very likely that the same problem exists even for other studies. Applica-
tion of ECM (or the asymmetric ECM which is popular in the “rockets
and feathers” literature) thus yields unreliable results. Any study deal-
ing with the asymmetric passthrough from crude oil to gasoline prices
using the cointegration framework should take this issue into consider-
ation. In the next section, we introduce two tests which build on the
cointegration methodology and possible asymmetry of the error-
correction term. The tests are constructed using the characteristics of
themean-reverting time series and theydonot need the analyzed series
to be either I(0) or stationary or weakly dependent.
4. Methodology

The cointegration framework is a natural environment for analyzing
the price transmission from crude oil to retail gasoline. The “rockets and
feathers” dynamics of the relationship can be simply understood as the
fact that it takes prices a longer time before they converge back to
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Fig. 2. Error-correction terms. Error-correction terms are obtained from the cointegration
relationship between respective retail gasoline price and crude oil. Logarithmic relation-
ship between the series is estimated based on Eq. (1).
their equilibrium level when gasoline is overpriced (with respect to
the cointegration long-term equilibrium) than when it is underpriced.
In the previous section, we have shown that the error-correction term,
which represents such deviation from the equilibrium state, is fraction-
ally integrated of order less than one which implies that the term is
mean-reverting and the gasoline price thus returns to its equilibrium
level. We can use the mean reversion approach in the “rockets and
feathers” framework by saying that if the effect is existent on the specif-
ic market, then the positive part of the error-correction termwill revert
to itsmeanmore slowly than the negative part. In this section,we intro-
duce two new tests based on this idea.

4.1. Wave test

Mean-reverting persistent time series are characteristic by wander-
ing quite far away from themean value and for long timeperiods. Label-
ing values above the mean as + and values below the mean as −, we
can obtain a series such as + + + − − − − + + − which consists
of four runs — two positive ones with lengths of three and two,
and two negative ones with lengths of four and one. Let's say that we
have a set of positive runs with given lengthsW+ and a set of negative
runs with given lengths W−. In the example, we have W+ ∈ {3, 2} and
W− ∈ {4, 1}.

Let's return to the case of error-correction term and its possible
asymmetry around the mean value. In the case of symmetry, series
both above and below the mean have the same mean-reversion rate
so that the length of runs should be the same, on average. In the case
of the “rockets and feathers” dynamics, the error-correction term
should stay longer above its mean value before it returns to its equilib-
rium level than when it's below its mean value. Utilizing this character-
istic, we propose a new test based on a difference between the average
length of runs above and below themean value. As thewandering away
from the mean value is rather persistent for this specific case, we rather
refer to these persistent runs aswaves. Thisway, we also distinguish be-
tween standard runs tests, which are used to test no serial correlation of
the series whereas the waves test examines potential asymmetry in the
dynamics around the mean value.

The wave testing statistic W is defined as

W ¼ Wþ−W− ð3Þ

where Wþ is an average length of the positive runs in the error-
correction term ε̂t and W− is an average length of the negative runs.
For the symmetric error-correction term, the expected value of the W
statistic is zero whereas for the prevailing positive runs, i.e. the slower
mean-reversion of the values above the equilibrium state which corre-
sponds to the “rockets and feathers” effect, the statistic is positive.
Therefore, the null hypothesis is stated as H0 :W= 0 against the alter-
native of H1 : W N 0.

4.2. Rescaled range ratio test

In the previous section, we show that the error-correction terms for
all analyzed series are non-stationary or borderline stationary.
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Specifically, the fractional differencing parameter d is very far from d=
0 assumed for standard error-correctionmodels. Even ifd≳0:5 for all se-
ries, which disqualifies the use of standard error-correction models, the
notion of fractional integration and long-term memory still provides
ways to test for asymmetry in the error-correction term dynamics
around its mean. The higher the d parameter is, the more persistent
the underlying series is and thus the more it wanders away from its
long-term mean value. Therefore, we assume that the level of persis-
tence is the same for both parts (positive and negative) of the symmet-
ric error-correction term. And for the “rockets and feathers” asymmetry,
we would observe that the positive part of the error-correction term is
more persistent than the negative part.

However, it turns out that testing for difference in the fractional in-
tegration parameters d of part of one series is much more troublesome
than testing the difference between two series. This is mainly due to
the nature of the error-correction term ε̂t separation into two series —
the positive and the negative ones. The positive part takes the same
values of the original series if these are positive and zero otherwise,
and symmetrically for the negative part. Each of these series thus has
long periods when being equal to zero. This levies a strong autocorrela-
tion structure into the series so that we cannot simply estimate the d
parameters of the separate series and compare these. We cannot even
use the two-sample test of Lavancier et al. (2010) which is specifically
constructed for testing equal d for two series. To overcome these issues,
we introduce a new test.

Motivated by the test of Lavancier et al. (2010)which is based on the
univariate rescaled variance test of Giraitis et al. (2003), we propose a
parallel test based on the rescaled range test originally utilized by
Hurst (1951) and later studied and popularized by Benot Mandelbrot
(Mandelbrot, 1971, 1972; Mandelbrot and Wallis, 1968). Similarly to
the original method, we construct a range of the series' profile, i.e. a dif-
ference betweenmaximum andminimum of the cumulative deviations
from themean.However, our series have specific properties and the aim
of the test is different so that we need to alter the original methodology.

We construct ranges for each part of the error-correction term ε̂t and
we label them as R+ and R− for the positive part and the negative part,
respectively. Formally, this is expressed as

Rþ ¼ max
XT
t¼1

ε̂tIε̂t ≥0

 !
−min

XT
t¼1

ε̂tIε̂t ≥0

 !
¼
XT
t¼1

ε̂tIε̂t ≥0 ð4Þ

R− ¼ max
XT
t¼1

ε̂tIε̂tb0

 !
−min

XT
t¼1

ε̂tIε̂tb0

 !
¼ −

XT
t¼1

ε̂tIε̂tb0 ð5Þ

where I• is an indicator function equal to 1 if the condition in • ismet and
0 otherwise. To take into consideration the fact that the scale of each
part differs, we rescale each range using its variance. However, as the
series are constructed as the negative and the positive part of the
error-correction term, standard variance would introduce bias through
its estimated mean value. To control for this specific, we utilize semi-
variances of the series rather than variances. If the error-correction
term varies symmetrically around its mean value, the rescaled ranges
of each part should be the same (asymptotically). In the case of the
“rockets and feathers” asymmetry, the rescaled range of the positive
part should dominate the other one. This leads us to a construction of
the testing statistic, which we label as the rescaled range ratio (RRR)
statistic, as

RRR ¼ Rþ

R− �
X

t∈ t:ε̂tb0f gε̂
2
tX

t∈ t:ε̂t ≥0f gε̂
2
t :

ð6Þ

As the rescaled ranges serve as a measure of mean-reversion speed,
these should be equal for the symmetric case. Therefore, the null
hypothesis is stated as H0 : RRR = 1 against the alternative of
H1 : RRR N 1 as a higher rescaled range signifies a stronger persistence.

4.3. Statistical testing procedure

Both introduced tests follow a complex behavior under the null
hypothesis dependent on a level of long-range dependence as well as
distributional properties of the underlying process. Moreover, the tests
are applied on a rather short finite sample time series (in our specific
case with approximately 1000 observations). Distribution of the testing
statistics under the null hypothesis thus needs to be carefully controlled
for in the testing procedure.

We follow Hall and Wilson (1991) who introduce a bootstrapping
procedure which ensures a high power of a test, i.e. a high chance of
rejecting the null hypothesis when in fact the alternative hypothesis is
correct, as well as a low error in the significance of the test, i.e. a low
probability of rejecting the null hypothesis when it is true.

Let us work with a parameter of interest θ and its estimate θ̂ with

variance σ̂2
θ . Let us further have a bootstrapped estimate of θ under the

null hypothesis θ̂
�
with variance σ̂2

θ� . For a selected significance level
1 − α, we find a critical value t̂α for which

P� θ̂�−θ̂
��� ���
σ̂ θ�

N t̂α

0
@

1
A ¼ α

2
ð7Þ

where P∗ stands for probability measure under the bootstrap distribu-
tion. The null hypothesisH0 : θ= θ0 is rejected in favor of the alternative
H1 : θ N θ0 if

θ̂−θ0
σ̂ θ

N t̂α : ð8Þ

As we work with time series rather than randomly sampled cross-
sectional data, the bootstrapping procedure gets slightly more compli-
cated (Efron, 1987; Kunsch, 1989). We cannot simply resample from
the original series as this would destroy its correlation structure. We
need to simulate a series which has very close dynamic and statistical
properties as the original one but in addition, the null hypothesis
holds. To do so, we utilize the Theiler's Amplitude Adjusted Fourier
Transform (TAAF) (Theiler et al., 1992) which ensures that the series
has the same correlation structure as the original series as well as distri-
butional properties. Crucially, the method keeps the correlations sym-
metric as it is based on the Fourier transform. This way, the simulated
series has symmetric correlations, which are needed under the null
hypothesis, and the same distribution which avoids possible inefficien-
cy of the testing statistics. We simulate 10,000 series using the TAAF

procedure for each analyzed series to obtain θ̂
�
and σ̂θ� . Null hypothesis

θ0 is given for both tests we utilize. We thus still need θ̂ and mainly σ̂ θ.
Estimated parameters are obtained using the moving-block jack-

knife method (Efron and Stein, 1981; Kunsch, 1989). In the procedure,
one fixes the estimating period to J (in our case we set this period to
J = 500). A parameter of interest is then estimated on observations
1, …, J = 500, then on 2, …, J + 1, and so forth. Eventually, we obtain
T − J + 1 estimates, where T is the original time series length. Based

on these, we get θ̂ as an average of the jackknifed estimates and σ̂θ

as their standard deviation. This gives us all necessary variables for
Eqs. (7) and (8) and the testing procedure is thus complete. Note
again that the described procedure ensures very good statistical proper-
ties, specifically the high test power and low significance error as
reported by Hall and Wilson (1991).



Table 4
Asymmetry in error-correction term testing.

Country Wave test p-Value RRR test p-Value ECM test p-Value

Belgium −2.5303 N0.1 1.4876 N0.1 2.0320 0.0211
France −2.6220 N0.1 1.0547 N0.1 −0.1000 N0.1
Germany −4.4207 N0.1 1.2883 N0.1 2.0205 0.0217
Italy −1.2520 N0.1 1.2358 N0.1 0.7598 N0.1
Netherlands −1.9005 N0.1 0.9062 N0.1 0.1585 N0.1
UK −0.8635 N0.1 1.0037 N0.1 −0.2975 N0.1
US −4.0140 N0.1 0.7796 N0.1 −1.5456 N0.1
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5. Application and discussion

In Section 3, we have shown that for all the studied gasolinemarkets
(Belgium, France, Germany, Italy, the Netherlands, the UK, and the US),
the relationship with the given crude oil (either Brent orWTI) is identi-
fied as a cointegration one, i.e. the gasoline and crude oil prices tend to
an equilibrium value. The price transmission from crude oil to gasoline
varies approximately between 0.6 and 0.8 so that it is quite strong yet
still imperfect. Deviations from the long-term equilibrium gasoline
prices, which are represented by the error-correction term, have been
shown to deviate strongly from an I(0) process. Such dynamics can be
also observed by a naked eye in Fig. 2. The term is thus not weakly de-
pendent and mostly on the verge of (non-)stationarity. Furthermore,
we have shown that such error-correction term makes standard ECM
models invalid. To be able to use the cointegration framework for
distinguishing between symmetric and asymmetric dynamics of the
error-correction term, we have introduced two new tests in the previ-
ous sections. Results of the tests now follow.

Table 4 summarizes all the results and it includes the testing statis-
tics and p-values for the null hypothesis of symmetric adjustment of
the error-correction term coming from Eq. (1) against the one-sided al-
ternative hypothesis of the “rockets and feathers” asymmetry, i.e. the
case when the error-correction term reverts to the equilibrium more
slowly when its above equilibrium compared to the situation when
it is below the equilibrium value. The p-values are based on the
bootstrapping procedure described in detail in the previous section.

The results are very straightforward — we find no “rockets and
feathers” dynamics in the analyzed series. Therefore, the long-run
passthrough from crude oil to retail gasoline prices shows no signs of
asymmetry for our dataset. To show how these results differ from the
standardly used ECM framework, we also present the testing statistics
for asymmetry based on Galeotti et al. (2003).7 In the right part of
Table 4, we present the testing statistics and p-values for the null hy-
pothesis of symmetry against the “rockets and feathers” alternative.
The latter is identified for two markets — Belgium and Germany. For
others, the null hypothesis cannot be rejected. Such result supports
our claim that the ECM framework should be used carefully as the
ECM coefficients might be estimated incorrectly, leading to spuriously
rejected symmetry. Nevertheless, the research on the topic is of course
not complete.

Firstly, we have found no asymmetry at national level. However,
more localized study could report qualitatively different results.
Secondly, the pair of tests we have newly introduced in this article
does not cover all possibilities. There are some other approaches that
could be added such as fractionally integrated ECM or fractional
cointegration framework in general. And thirdly, we do not investigate
various stages of the price transmission. The article thus primarily
serves as a starting point for treating the asymmetric equilibrium
adjustment of the error-correction term in a different, statistically and
7 Galeotti et al. (2003) construct an asymmetric ECM model as Δlog(Gi,t) = α + β+

ECMt − 1
+ + β−ECMt − 1

− + γ+Δlog(COi,t
+) + γ−Δlog(COi,t

−) + ui,t where the superscripts
+ and − signify whether the series is above or below zero. The testing procedure for
the long-term asymmetry is based on the null hypothesis H0 : β+ = β− against the alter-
native H1 : β+ N β− for the “rockets and feathers” effect.
econometrically convenient, way. Finally, it has to be noted that the
developed tests are not restricted to the relationship between retail
gasoline, crude oil and related variables but they can serve to test the
asymmetry in any economic and financial application which considers
asymmetry in the cointegration framework.

6. Conclusion

We have analyzed the possible “rockets and feathers” dynamics be-
tween the retail gasoline and crude oil prices. Focusing on the national
prices of selected countries, we provide a step-by-step treatment in
the cointegration framework. The standardly applied error-correction
model methodology is discussed in detail. We show that it is not conve-
nient for analysis of the price transmission asymmetry in the given sys-
tem due to long-term memory aspects of the equilibrium adjustments,
which are represented by the error-correction term. We show that the
gasoline prices return to their equilibrium levels much more slowly
than assumed by the ECM approachwhichmakes the estimation incon-
sistent, and the results are thus unreliable. To deal with such issue, and
to still remain in the cointegration environment, we introduce two new
tests for asymmetry in the error-correction term — wave test and
rescaled range ratio test.

On the dataset of seven national gasoline price series, we findno sta-
tistically significant signs of the “rockets and feathers” effect. However,
this does not necessarily discard the previous results showing asymme-
try as we limit ourselves to the national data only. The results might in-
deed differ for more local price series.

Importantly, the proposed framework is not limited only to the gas-
oline–oil relationship but it can be utilized for any economic and finan-
cial series which are considered in the equilibrium cointegrated
relationship and the adjustment rate might be asymmetric. The article
can thus serve as a reference for future research in this area.
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Appendix A. Supplementary data

Scripts (written for R 3.0.0) for thewave test and rescaled range ratio
test are appended to the manuscript. Datasets used in the analysis are
publicly available at http://www.eia.gov. The specific analyzed series
are appended to the manuscript as well. Several missing observations
in the gasoline series have been filled in using linear projection from
the nearest neighbors. Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.eneco.2015.01.013.
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