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1 Introduction
Despite the increasing efforts aimed at redirectioth public and private investment towards
businesses and infrastructure less dependent amahaesources, developments in the oil
market still represent a key issue for policy makamnd investors. The recent sharp rise in oll
prices fuelled by buoyant markets (Brazil, Chind &mdia) as well as by simultaneous supply
disruptions in a number of oil exporting countrigéaq, Nigeria, Venezuela) and terrorist
attacks has increased demand for hedging and fsicenanagement operations. In response
to soaring oil price levels and volatility, the dimcial industry has devised a growing variety
of (highly non-standardised) derivative contraetbeit futures contracts remain one of the
most popular tools for risk management in oil m&ske

Spot and futures prices are expected to be linkezhth other in the long-run on the
basis of a number of theoretical models. Among uheous theories explaining the spot-
futures relationship, the theory of storage (Kald939) has received substantial empirical
validation (Lautier, 2005). In this theoretical -sgt, futures price should be equal to the spot
price plus the cost of carry (the sum of the cdsstorage and the interest rate) and the
convenience yield (that is, the benefit from hofdgpot oil which accrues to the owner of the
spot commodity). Since the study of Garbade amek6{11983), a widely recognised benefit
of futures markets has been the process of conveefirice discovery, that is the use of
futures prices for pricing spot market transactidhough the timely incorporation into
market prices of heterogeneous private informatioheterogeneous interpretation of public
information by way of trading activity (Lehmann,(2).

Even though spot and futures prices are likelyaalbven by the same fundamentals
in the long run, the stochastic properties of oitgs may differ in quiet compared to turmoil

periods (Bessembinder et al. 1995). Moreover, ownthe cost-of-carry relationship, shifts
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in price dynamics are translated into changesendmamic adjustment towards the long-run
relationship between spot and futures prices (Beeramd Kroner, 1995). Therefore, their
dynamic interaction is expected to vary over time.

In the present study, we allow for possible parametstability in the adjustment
process towards the long-run equilibrium, therebgkimg a novel contribution to the
empirical literature on the relationship betweemtsgnd futures prices in the oil market
(Silvapulle and Moosa, 1999; McAleer and Sequi@@)4) and on the key role of futures
markets in the process of price discovery for mmthsumption and investment commaodities
(Yang et al. 2001; Figuerola-Ferretti and Gilb&2005, among others). Specifically, we
employ an augmented cost-of-carry model with arogedous convenience yield (Figuerola-
Ferretti and Gonzalo, 2008) and the Kalman filtasdal approach of Barassi et al. (2005) in
order to investigate whether the spot and futureketa’ contribution to price discovery
varies over time.

Using daily data on oil spot prices as well as phiees of 1-, 2-, 3-, 4-month futures
contracts over the period from January 2, 1990dodnber 31, 2008, we investigate to what
extent spot and futures markets contribute to pdszovery and whether their relative
contributions vary over time. We find that spot dntlires prices are linked to each other by a
long-run relationship characterised by symmetry praportionality between the two prices.
Based on the metrics proposed by Harris et al.§192002), we also show that both markets
are important for the disclosure of the full inf@aton price. On average, futures markets tend
to dominate the spot market in terms of price discy for the shortest maturities, but the
relative contribution of the two markets turns ¢oitbe highly unstable, especially for the

most deferred contracts.
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The paper is organised as follows. Section 2 pteshe theoretical framework we use
to derive time-varying measures of the various m@kcontribution to price discovery.
Section 3 discusses the dataset and some prelynieaults. Section 4 reports the main

empirical findings. Section 5 offers some conclgdiemarks.

2. Theoretical framework

2.1 The cost-of-carry model with an endogenous eoiewce yield

A popular explanation for the long-run relationslptween spot and futures prices in
commodity markets relies on the storage theory d#&@l 1939). When expressed in

logarithmic terms, the spot price should equalftheres price plus an additional term, i.e. the
cost-of-carry term. In such a framework, the ocenice of backwardation or contango (that
is, observing higher spot prices than futures griae viceversa depends on a number of

factors such as storage and warehousing costeeshi@ates and the convenience vyield.

The latter can be defined as the implicit gain #@atrues to an owner of the physical
commodity but not to the owner of a contract faufe delivery of the commodity (Brennan
and Schwartz, 1985). In the specific case of theeil market, the convenience yield turns
out to be particularly relevant, not only becausthe strategic benefit from the possession of
the commodity, but also because of the relativecggaof that non-renewable resource
(Coppola, 2008). Consequently, in order to modedqadtely the link between spot and
futures oil prices, we extend the standard costaofy model to incorporate endogenous
convenience yields along the lines of Figuerola¢térand Gonzalo (2008).

Let s and f.(T) be respectively the oil spot price at tirheand the futures price at
time t for delivery of the commodity at timeT, where As=s-s, and

A (T)=f(T)- f_(T) are 1(0) processes. Further assume that the continuously
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compounded interest rate prevailing in the intefvam t to T, r,, follows the process
7 +1(0), where the bar stands for the mean value, andtlileatonvenience yieldy,, is a
process given by a weighted average of spot anddsiprices plus &(0) term:

Y (M=9,5-9, {(M+ (0), 1)

In the absence of taxes, borrowing constraintgansaction costs, the relationship between

spot and futures oil prices can by described byst-of-carry model of the type:

f(M=g+T(T-9- y(T 2)

From conditions (1) and (2), we obtain the follogvibng-run equilibrium condition:

§ =B, £ (M) +B, + 1(0) (3)
where;, =(1-¢,)/(1-¢,) andp, =-T(T —t)/(1-¢,) . Notice that the stationarity of the log-
basis, s — f(T), and, in turn, of the convenience yield turns twmtbe a special case
embedded into condition (3). Whe} is greater (lower) than unity, instead, the maiket
under long-run backwardation (contango) and thereoience yield is d (1) process.

Since both spot and futures prices are assumee tmib-stationary, the stationarity of
their relationship (3) implies cointegration betwethem with a cointegrating relationship
given by:

& =5 -B, £ (T)-B, 4)
where the cointegrating vectd; can be seen as the stationary deviation from tsé-af-

carry model. The Granger Representation Theorengl¢Eand Granger, 1987) implies that

futures and spot prices can be represented by @aowNé&aror Correction (VEC) model

(Johansen, 1988; 1991), wheigeis the error correction term (Low et al., 2002)e Wise this

framework and adopt a VEC representation of thiefiohg form:
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k-1
Ay, =My, +> T Ay, +y (5)

j=1
where y; =[s f(T)]' includes the spot and futures oil prices; is the first difference
operator; [ ’s are matrices of autoregressive coefficientsaihe orderk—1; M =af' is
the long-run impact matrix, wher@'y, =§,_,, that is the deviations from the long-run
equilibrium condition as defined in equation (4)dax =[og o] is the vector of feedback
adjustments, such that; <0 and o >0, where the subscrip§ (F ) stands for the spot
(futures) market, and, is a vector of Gaussian white noise processesaetariance matrix
>, u, ONIID(0,Z).

2.2 Measuring each market’s contribution to prigecdvery

Unlike the vast majority of commodities for whichlg forward prices are available, in the

case of crude oil futures prices are publicly al@d#é and represent potentially informative

and costless signals, since the actions of proditimising futures traders leads to the price
quoted today fully reflecting the available infortiea about the future value of the asset. A
popular method to assess the informational cordethie prices observed in a given trading
venue (for instance, the futures market) for thecpss of price discovery is to use the metrics
proposed by Harris et al. (1995, 2082 general, price discovery is the process of
uncovering an asset’s full information (or fundamaén value, which differs from the

observable price, because the latter is affectettdmgitory noises due to fluctuations in bid-

! An alternative measure for each market’s contidouto price discovery is the one proposed by Hastk
(1995). Based on the Cholesky factorisation of rarix =, Hasbrouck's model assumes that the degree of
price discovery occurring in a trading venue issfpeely) related to its contribution to the var@nof the

innovations to the common factor (market’s inforimatshare, 1S).
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ask spreads, temporary order imbalances or inwerddjustments (Figuerola-Ferretti and
Gonzalo, 2008).

Carrying out the permanent-transitory decompositd@veloped by Gonzalo and
Granger (1995), Harris et al. (1995, 2002) attelsuperior price discovery to the market that

adjusts the least to price movements in the othaket. Using the orthogonal component of
the feedback matrix., =[a® o] under the conditiom’® +a/ =1, we can express markets’
contribution to price discovery &s:

o =a" /(aF-a® , o =a®/(a®-aF) (6)
so that the spot (futures) market's contributiorptize discoveryo® (af ), depends on both

a’s. High (low) values of the statistics indicateseeable (small) contribution to price
discovery?

However, as pointed out by Bessembinder et al.g}.38e stochastic properties of oil
prices may be different in quiet or turmoil periogspectively. Because of the long-run
relationship between spot and futures prices, $wgcin the process governing prices are
expected to induce shifts in the adjustment protesestore the cost-of-carry relationship
(Brenner and Kroner, 1995). In contrast to previstiglies, our modelling approach takes

into account possible parameter instability in firigcess. In order to detect structural changes

? Matrix o, is such thato,a =0, which impliesa®a®+a e " =0. Using the conditior:® +a/ =1, we end up

with a system of two equation in two unknowns (and o, ). Solving that system yields the coefficients give
by (6).

% With daily data, price innovations are generabiyrelated across markets, and thus the matriis likely to be
non-diagonal. In such a case, Hasbrouck’s appraach only provide upper and lower bounds on the

information shares of each trading venue. For rtséson, the IS approach is more suitable for higguency

data, where correlation tends to be smaller. Fumtbee, the IS methodology encounters testing diffies.
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in the adjustment coefficients, we follow Baragsak (2005) and allow for time-variation in
the parameters using a version of the Kalman filidris class of models consists of two
equations: the state equation, describing the &wolwver time of the non-observable state
variables, and the measurement equation, showindn&b extent the observable variables are
driven by the state variables. In our framework MEC model (5) represents the
measurement equations, with the autoregressiveaesir 's as well as the covariance matrix
> being non-time-varying. The adjustment parameitethe matrixo are instead the state
equations:

a, =Ta,_, +Vv , VON(0,Q) (6)
with initial conditions o, ON(0,,6°P). In particular, we assume that the elements of the

matrix o follow a random walk process, such that=1, hence possibly varying

considerably over time. With the cointegrating tielaship (4) kept fixed, such an assumption
allows us to detect any structural changes that owyr in the causal link between two
variables, as pointed out by Barassi et al. (200&. apply this procedure to the bivariate
systems linking spot/futures oil prices in ordelirteestigate the occurrence of breaks in the

causal structure of these linkages by computingiras-varying price discovery measures

ad, =a /(o —0) anda;, =a’ /(0 ~0).

3. Data description and preliminary analyses

3.1 The dataset

The dataset includes daily observations of spaepriS, of West Texas Intermediate (WTI)
Crude as well as four daily time series of pricEBIYMEX futures contracts (with a maturity

of 1 month, F(1), 2 months,F(2), 3 months,F(3), and 4 monthsF (4)) written on WTI

Crude with delivery in Cushing, Oklahoma over theripd from January, 2 1990 to
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December, 31 2008. The dataset is obtained fronuhé&nergy Information Administration
(EIA). According to the definitions provided by EKR008), both spot and futures prices are
the official daily closing prices at 2.30pm fronettrading floor of the NYMEX for a specific
delivery month for each product listed. Each fusurentract expires on the third business day
prior to the 25th calendar day of the month pretegthe delivery montA.

As pointed out by Blyigahin et al. (2008), crude oil represents the werldrgest
futures market for a physical commodity. We focus attention on shorter maturities for
three main reasons. First, when the analysis isredgd with the inclusion of contracts with
an expiration date exceeding one or two productigsies (that is, from 6 to 10 years), the
explanatory factors of the storage theory areYikelbe of little use (Lautier, 2005). Second,
Blyuksahin et al. (2008) document that contracts datesl yaar and beyond tend to move
closely with nearby prices only in the last fiveay® suggesting the occurrence of market
segmentation or the lack of market integrationdeferred contracts for most of our sample
span. Third, even though contracts for crude @l tanded with maturities for each of the
following eighteen months, the number of contracésled with maturities in ‘far months
(dates far into the future) is much smaller thathincase of maturities in ‘near’ months, with
the consequence that the market for deferred adatra thin and prices for those contracts
are likely to be rather unreliable (Kaufmann antimdin, 2009).

As a background to the discussion, Figure 1 presgaily spot prices versus futures
prices for different maturities. Close overlappofghe series can be noted, although there are
some divergencies, especially in the case of thst Meferred contract. The evolution over

time of the series indicates that small shockscedte the mean value of prices over the

4 If the 25th calendar day is not a business daging ceases on the third business day prior ttastdousiness

day before the 25th calendar day
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nineties. After reaching their minimum level (13 ®Ber barrel) in 1998, oil prices increased
dramatically and became more volatile over the egbsnt decade. In mid-2008 they reached
their maximum (more than 145 US$ per barrel), drehta sharp fall followed, down to a
level of 44 US$ per barrel at the end of 2008.
[Figure 1]
3.2 Summary statistics and unit root tests
Table 1 reports some descriptive statistics, naristyand second moments for the log-series
both in levels and in first differences. Spot antufes prices appear to move closely. The
following is also noteworthyi) the first moment of the log of oil prices indieatthat the
market is in backwardation, as previously docunekfite Edwards and Canters (1995) and
Litzenberg and Rabinowitz (1995), among oth@jsprice movements in the spot market are
larger and more erratic than those for futuresegricsuggesting that positive shocks to
demand for spot commodities tend to increase caemea yields (Fama and French, 1988);
li) the second moment of futures prices declines withturity, consistently with the
Samuelson effect (Samuelson, 1965), according techwh shock affecting the nearby
contract price has an impact on following pricest tthecreases as the maturity increasgs;
the correlation between spot and futures pricesedses monotonically with the maturity of
contracts. A similar conclusion holds when the afales in first differences are considered.
The only exception concerns the average growtts ratéutures prices which turn out to be
greater than the average rate of change for spioegr suggesting some degree of
convergence between prices over the sample.
[TABLE 1]
In order to assess the stochastic properties ofdhables, we check for the presence

of a unit root in each series by means of the DIS@&st (Elliott et al., 1996), allowing for an
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intercept as the deterministic component. As regbin Table 2, the null of a unit root can be
rejected at conventional levels of significance al cases. On the other hand, first-
differencing the series appears to induce statipnarhe KPSS (Kwiatkowski et al., 1992)
stationarity test corroborates these conclusionserGthe evidence of (1)-ness for all
individual series, testing for cointegration betwespot prices and (each of the) futures price
series is the logical next step in the empiricallgsis®

[TABLE 2]

4. Empirical evidence
4.1 VEC models estimates
Estimating (5) requires testing the rank of tHematrix at the outset. Trace and maximum
eigenvalue tests suggest rank 1 in all cases (T3bleinding a common trend for both spot
and futures prices is consistent with the idea thay are driven by the same fundamentals
(such as interest rates, macroeconomic variabl@sohmeserves), futures prices representing
expectations of the future spot price of the phglsstommodity (Bernanke, 2004) or effective
long-term supply prices (Greenspan, 2004).
[TABLE 3]

As Panel A of Table 4 shows, the estimated longpamrameters for the futures prices

are very close to unity. Furthermore, both feedbpakameters have the expected sign,

implying convergence towards the long-run relatiopsn all models. Moving from Model 1

® This conclusion arising from the unit root/statidity tests implies that the evidence from the dpsee
statistics for the variables in log-levels shouddtaken with caution. Note, however, that the et long-run
relationships are broadly consistent with the exisé of backwardation in the oil crude market Seetion 4.1).
Furthermore, the pair-wise correlations between apd futures prices at different maturities araldatively

similar, irrespective of whether the variables @asidered in levels or in first differences.
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to Model 4, however, the lower (in absolute valad)ustment coefficients suggest weaker

convergence when longer-dated futures are considéhe overall speed of adjustment,
|o® |[+a ', indeed, declines from 0.43 to 0.02, which implikattthe corresponding half-

lives (computed asn0.5/In[1- (ja® [+a®)]) soar from 1.2 days for Model 1 to 27.5 for

Model 4. These figures are quite plausible sineeNWMEX 1-month futures contract is the

world’s most actively traded futures contract ophgsical commodity and its prices serve as

a benchmark for the pricing of crude oils arourglworld (Coppola, 2008); furthermore, spot

and nearby futures contracts prices are virtualgntical and have the same future delivery

period for all but a few days each month. As theaumiy of futures contracts increases,

instead, the degree of integration between spofutndes markets dwindles dramatically.
[TABLE 4]

The symmetry and proportionality assumption implsdthe standard cost-of-carry
model is tested through a stand@ddistributed LR test. In all models, the over-idgmg

restriction is not rejected by the data; moreovke estimated values for the adjustment
coefficients turns out to be very close to thoseioled for the corresponding unrestricted
VEC models. The statistical evidence of a (1, diptegration vector for all models indicates
that the oil market is neither in long-run backwain nor in long-run contango using the
terminology of Figuerola-Ferretti and Gonzalo (20@ven though our estimates document
the existence of stationary convenience yields, ititercept term in the cointegration
relationships seems to increase (in absolute tewitB)time-to-delivery, indicating that spot
prices are higher than futures prices, on averagegover, futures prices of contracts with
shorter maturities are higher than those of cotgragh longer ones.

The estimated values of the price discovery meadfare's) are presented in Panel C

of Table 4. They suggest that the process of mliseovery takes place mainly in the futures
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market for the shortest time-to-delivery: the feirmarket contributes by more than 80
percent in Model 1 and Model 2. However, the retattontribution of the spot market to
price discovery increases with the time-to-delivéihile for Model 3 the share of the futures
market is still dominant (around 60 percent), ie tase of the longest time-to-delivery the
spot market accounts for more than 70 percent iok ptiscovery. Testing the null of no
contribution leads to the conclusion that the fesumarket provides relevant information for
price discovery in all models but Model 4. The cimition of the spot market is statistically
significant especially for Model 3 and Model 4.

4.2 Time-varying contributions of spot and futumesrkets to price discovery

Our analysis thus far has provided empirical supdor the standard cost-of-carry
relationship between spot and futures markets hodis that markets’ contributions to price
discovery vary. In order to ascertain the stabitityer time of these results, we analyse the
process of price discovery in a time-varying frarngwby recasting the VEC model (5) -

with T =af’ and the constraint (1 -1) imposed in the cointiggmaspace - into a state space

form and estimate it with time-varying feedback fliocents using a Kalman filter approach
as suggested by Barassi et al. (2005).

Figures 2-5 show the evolution over time of eachrketzs contribution to price
discovery (on the left) as well as and the assedigt-value for the test of the null of no
contribution of that market (on the right)

As in the time-invariant analysis, price discovéakes place mainly in the futures
market for Model 1 and Model 2. On average, thetrdaution of the spot market to the
process of price discovery is small and exhibitdoavnward trend, although it gains in
significance at the very end of the estimationgmkin the case of Model 2 (see Figure 3 and

Figure 4). As for the statistical significance afce discovery measures, Figures 2-5 show
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that the null of no contribution is strongly rejedtfor the futures market, which represent the
dominant market in terms of price discovery, wiik spot market acting as a satellite trading
venue in the terminology of Hasbrouck (1995).

The most interesting results from the estimatiotheftime-varying measures of price
discovery concern Model 3 and Model 4. Figure 3 Eigdire 4 reveal strong differences with
respect to the patterns for the least deferredrdatwcontracts: first, the price discovery
measures are more erratic; second, there is ewadeina greater average contribution of the
spot market to the discovery of the full informatiprice; third, the sharp rise and subsequent
abrupt fall in oil prices in 2008 is driven mairtty the spot market for crude oil rather than
by the futures markets; finally, in contrast to mlely held view, the spot market appears to
be the most important for price discovery when thest deferred contract is considered,
consistently with the evidence from the time-ingatianalysis.

The documented instability in the relative conttibn of spot and futures contracts to
the process of price discovery (especially duriegqals of turmoil) calls for caution when
assessing the usefulness of 3-month and especiigonth futures contracts for
understanding oil spot price dynamics even in tlesgnce of a cointegration relationship.

[FIGURE 2]
[FIGURE 3]
[FIGURE 4]

[FIGURE 5]

5. Conclusions
This paper investigates the relative contributidnspot and futures markets to oil price
discovery and whether these contributions vary duee. The theoretical framework is

provided by an augmented cost-of-carry model witleadogenous convenience yield, which

[14]



assumes that the spot price is equal to the fupnies plus a (possibly non-stationary) term
depending on a number of factors such as storaggevarehousing costs, interest rates and
the convenience yield.

Using daily data on oil spot prices as well asghees of 1-, 2-, 3-, 4-months futures
contracts over the period from January 2, 1990dodinber 31, 2008, we document that spot
and futures prices are linked to each other by ry-lmin relationship characterised by
symmetry and proportionality. However, the strengftithese linkages dramatically decreases
as the maturity of futures contracts increasespdiated out by Garbade and Silber (1983),
price discovery and risk transfer are closely ezlaStronger futures and spot linkages lead to
a more efficient transmission of information andomsved hedging opportunities. We also
show that the largest share of price discovery cicufutures markets only for the case of 1-
month and 2-month futures, the relative contributb@ing highly unstable when 3-month and
4-month contracts are considered, with importapications for hedging and forecasting.

Regarding hedging, our findings imply that usingufes for hedging a spot position
on crude oil is more effective in the case of 1-thaor 2-month contracts, rather than those
with longer maturities. Essentially, the higher retation between spot prices and futures
prices with short maturities outweighs the lowetatibty of futures prices for the most
deferred derivative instruments, as also documehtedipple and Moosa (2005). As for
forecasting, cointegration between two prices iegplihat each market contains information
on the common stochastic trends binding pricesthageand therefore the predictability of
each market can be enhanced by using informatiaotaceed in the other market (Granger,
1986). Our results indicate that in all cases (Watlel 3) price discovery occurs in only one
individual market which acts as a long-run (weaklogenous) driving variable for the

system. This finding suggests that indeed valuatftemation for forecasting spot crude oil
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prices is embedded in the long-run spot-futurestiaiship (see Coppola 2008, among
others), but also that it is concentrated mainlg-imonth and 2-month future contracts.

The present study could be extented by analysieddtiors behind the time variation
in the estimated time-varying price discovery meesuA possible explanation is that crude
oil fundamentals evolved due to robust economiomgnoworldwide as well as capacity
constraints in crude oil extraction (Hamilton, 2D08nother extension could investigate the
changes in the oil futures market caused by theahrof new types of market players (for
instance, financial traders and energy funds) whely have affected the information content
of futures markets in terms of price discovery s@aand Croitoru, 2006). These issues are

left for future research
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Table 1 — Descriptive statistics

Levels First differences

Standard Correlation Standard Correlation
Mean o Mean L

deviation  wrt spot deviation  wrt spot

S 3.346675 0.568743 1.00000 0.000169 0.032611 1@®M000
f(1) 3.346379 0.568688 0.999655 0.000167 0.031549907892
f(2) 3.344667 0.567330 0.997981 0.000187 0.028590860299
f(3) 3.341698 0.566052 0.994439 0.000198 0.025976783039
f(4) 3.337975 0.565081 0.989664 0.000204 0.024972782062

Note.s, f(1), f(2), f(3) andf(4) denote the (logarithm of) prices of West Tekatermediate (WTI) for the spot

market and fofutures contracts with maturity of 1, 2, 3 and 4ntis, respectively.
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Table 2 — Unit root tests

DF-GLS KPSS
Levels First differences Levels First differences
s -1.246 -9.175%* 63.411%* 0.050
f(1) -1.203 -10.548%*** 63.588*** 0.055
f(2) -0.976 -12.739%** 64.919*+* 0.067
f(3) -0.760 -19.079*** 65.812** 0.077
f(4) -0.649 -10.228*** 66.330*** 0.081

Note. The statistics are the Dickey-Fuller GeneedliLeast Squares (DF-GLS) test (Elliot et al.,6)98atistics

for the unit root null and the KPSS test (Kwiatkéivet al., 1992) statistics for the null of statoity The

variables are defined in Table 1. The number of lageach regression is chosen according to thecAit€rion.

A constant term is included. For the DF-GLS tekg tritical values at the 1, 5 and 10 percent lefel

significance are -2.570, -1.940 and -1.620, retbgelg. For the KPSS test, the critical valuesta 1, 5 and 10

percent significance level are 0.347, 0.463 an@%).7espectively. Triple asterisks indicate thec#pn of the

null at the 1 percent significance level.
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Table 3 — Bivariate VEC models: cointegration tests

A. Trace test Test statistics Critical values
Ho Model1 Model?2 Model3 Model4 5 percent 1 percent
r=0 647.36 117.66 82.72 63.24 19.96 24.60
r<i 221 1.89 1.79 1.82 9.24 12.97
B. A-max test Test statistics Critical values
Ho Model1 Model2 Model3 Model4 5 percent 1 percent
r=0 654.15 115.77 80.93 61.42 15.67 20.20
r<i 221 1.89 1.79 1.82 9.24 12.97

Note. Under the null there arne cointegration vectors against the alternative oho#ly (at most)r +1
cointegration vectors for the maximum eigenvaluacg) test. The rankis selected on the basis of the first non-
significant statistics, starting from= 0. Model 1, Model 2, Model 3 and Model 4 dendte bivariate system
formed bys andf(1), s andf(2), s andf(3) ands andf(4), respectively. The variables are defined inlé&ah
Critical values for both trace and maximum eigeugatests (Panel A and B, respectively) are takemfr

Osterwald-Lenum (1992).
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Table 4 — Bivariate VEC models: estimation results

A. Unconstrained long-run matrix

Model 1 Model 2 Model 3 Model 4

B, -0.9998 -0.9989 -0.9961 -0.9917
B, -0.0008 -0.0048 -0.0155 -0.0314
a® -0.3483 -0.0612 -0.0239 -0.0089
a” 0.0838 0.0113 0.0171 0.0160

B. Constrained long-run matrix

Model 1 Model 2 Model 3 Model 4

B, -1 -1 -1 -1

B, -0.0003 -0.0013 -0.0023 -0.0036

as -0.3478 -0.0610 -0.0236 -0.0085

a 0.0843 0.0115 0.0174 0.0162
Hp: B,=-1  (0.83) (0.85) (0.73) (0.65)

C. Price discovery measures

Model 1 Model 2 Model 3 Model 4

as 0.1939 0.1552 0.4172 0.7322

at 0.8061 0.8448 0.5828 0.2678
Ho: a2 =0 (0.05) (0.35) (0.01) (0.00)
Ho: af =0  (0.00) (0.00) (0.00) (0.32)

Note. Panel A reports the unrestricted cointegratiectors with the associated feedback coefficiémtsthe
dynamic equations of the models. Panel B presdms cbintegration vectors under the over-identifying
restriction of symmetry and proportionality betwesggot and futures prices, as well as the assocfatstback
coefficients for the dynamic equations of the meddlhe last row reports the results of the LR bettveen
unrestricted and restricted VEC models. The fingt tows of Panel C present the estimated contobutif each
market to price discovery along with the test stats for the null of no contribution (penultimaad bottom

rows). The variables are defined in Table 1. Thel@®are defined in Table 3. p-values in parenthese
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Figure 1 — Spot and futures crude oil prices
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Note. Dotted lines refer to the spot price, whidssided lines are used for futures prices. The abrixis reports
the oil price in US$ per barrel. The horizontalsaseports daily observations from January, 2 189Ddcember,
31 2008, for a total of 4758 datapoints: observeti$1000, #2000, #3000, #4000 correspond roughilyet@nd

of December 1993, 1997, 2001 and 2005, respectively
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Figure 2 — Model 1: time-varying price discoveryaseres
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Note. Panel A reports the time-varying spot masgketntribution to price discovery (on the left) ati
associated p-value for the test of the null of antdbution of that market to price discovery (e right). Panel
B reports the time-varying 1-month future marketentribution to price discovery (on the left) arget
associated p-value for the test of the null of natdbution of that market to price discovery. Tdeshed line
indicates the 10 percent level threshold. The lootel axis reports daily observations from Januarg990 to
December, 31 2008, for a total of 4758 data-pointsservations #1000, #2000, #3000, #4000 correspond

roughly to the end of December 1993, 1997, 20012a%b, respectively.
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Figure 3 — Model 2: time-varying price discoveryaseres
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Note. Panel A reports the time-varying spot masgketntribution to price discovery (on the left) ati
associated p-value for the test of the null of antdbution of that market to price discovery (e right). Panel
B reports the time-varying 2-months future markettmtribution to price discovery (on the left) atite
associated p-value for the test of the null of natdbution of that market to price discovery. Tdeshed line
indicates the 10 percent level threshold. The lootel axis reports daily observations from Januarg990 to
December, 31 2008, for a total of 4758 datapowtiservations #1000, #2000, #3000, #4000 correspmurghly

to the end of December 1993, 1997, 2001 and 2@8pectively.
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Figure 4 — Model 3: time-varying price discoveryaseres

A. Spot market

statistics
1
p-values

00 02 04 06 08 10
0.0 02 04 06 08 1.0

T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000

B. Future market

statistics
p-values

0.0 02 04 06 08 1.0
0.0 02 04 06 08 1.0

T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Note. Panel A reports the time-varying spot masgketntribution to price discovery (on the left) ati
associated p-value for the test of the null of antdbution of that market to price discovery (e right). Panel
B reports the time-varying 3-months future markettmtribution to price discovery (on the left) atite
associated p-value for the test of the null of natdbution of that market to price discovery. Tdeshed line
indicates the 10 percent level threshold. The lootel axis reports daily observations from Januarg990 to
December, 31 2008, for a total of 4758 data-pointsservations #1000, #2000, #3000, #4000 correspond

roughly to the end of December 1993, 1997, 200128, respectively.
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Figure 5 — Model 4: time-varying price discoveryaseres
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Note. Panel A reports the time-varying spot masgketntribution to price discovery (on the left) ati
associated p-value for the test of the null of antdbution of that market to price discovery (e right). Panel
B reports the time-varying 4-months future markettmtribution to price discovery (on the left) atite
associated p-value for the test of the null of natdbution of that market to price discovery. Tdeshed line
indicates the 10 percent level threshold. The lootel axis reports daily observations from Januarg990 to
December, 31 2008, for a total of 4758 data-pointsservations #1000, #2000, #3000, #4000 correspond

roughly to the end of December 1993, 1997, 200128, respectively.
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