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1. Introduction
In the past two decades, linkages among international capital and money markets have been
perceived to increase dramatically, while government-imposed barriers to international capital
flows have fallen. The extent of interest rate linkages in these markets carries important policy
implications for the independence of monetary policies by nations’ central banks (Kirchgassner
and Wolters, 1987, 1993). If a country is sufficiently large or is isolated from other countries
due to idiosyncratic domestic conditions, the country may not be responsive to foreign interest
rate changes. This would, in turn, permit the country to pursue an independent monetary policy.
Furthermore, enhanced understanding of transmission of (short-term) interest rates across countries can also help to more accurately forecast interest rates in a country, itself a key input to
strategic business decisions (Lo et al., 1995). However, the extent of such international interest
rate linkages remains an unsettled empirical matter.
Numerous studies have examined (short-term) interest rate linkages across international
money markets. Almost without exception, these studies employ in-sample Granger causality
tests. Early studies, such as Kirchgassner and Wolters (1987), document the important influence
of U.S. interest rates on European interest rates. However, the causal inference from earlier
studies did not allow for possible cointegration between nonstationary interest rates. It is widely
acknowledged that the existence of cointegration can substantially affect Granger causality testing results (Granger, 1988). Recent studies have generally documented long-run relationships
among interest rates across countries (Karfakis and Moschos, 1990; Katsimbris and Miller,
1993; Kirchgassner and Wolters, 1993; Bremnes et al., 1997; Awad and Goodwin, 1998; Hassapis et al., 1999; Uctum, 1999). Many of these studies exploit causal inference within a cointegrated vector autoregression model and focus on the relationship between interest rates
between European Monetary System (EMS) members and the rest of the world. The empirical
findings are generally mixed, particularly with regard to the influences of U.S. and German interest rates on other EMS members.
This study examines interest rate causal linkages in the Eurocurrency market in the recent
period of 1994e2002. The study contributes to the literature in three ways. First, we shed
more light on contemporaneous causal relationships among major Eurocurrency interest rates
having strong contemporaneous correlations. The existing literature (Kirchgassner and Wolters,
1987, p. 679; Karfakis and Moschos, 1990, p. 393; Uctum, 1999, pp. 781e783) has documented strong contemporaneous correlations of various interest rate innovations (e.g., residuals
from a VAR system), and underscored the importance of this phenomenon in understanding instantaneous adjustment across markets. Nevertheless, the existing literature concludes that
‘‘with respect to the (contemporaneous causal) direction of instantaneous relations nothing
can be derived from the data alone’’ (Kirchgassner and Wolters, 1987, p. 679). Building on
an innovative directed graphs technique (Spirtes et al., 1993; Pearl, 1995; Swanson and
Granger, 1997), this study is able to explore a data-determined pattern of contemporaneous causality between VAR innovations. Such an examination of contemporaneous causality is a complement to Granger causality and provides a more comprehensive picture of interest rate causal
linkages. As pointed out by Swanson and Granger (1997) and Breitung and Swanson (2002),
unidirectional Granger causality in the presence of temporal aggregation can result in such contemporaneous correlations of residuals in a system that has contemporaneously uncorrelated residuals at the ‘‘true’’ time interval. Thus, Swanson and Granger (1997, p. 364) argue for
checking both Granger causality and contemporaneous causality to allow for the effects of
aggregation.
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Second, a multivariate out-of-sample Granger causality test is applied to infer Granger
causal inference. Most previous studies in this line of research focus on in-sample Granger
causality tests. As noted by Granger (1969), and more rigorously documented in Ashley
et al. (1980), a causality test based on forecasting performance brings the maximum amount
of information to bear on the Granger causation hypothesis. Ashley et al. (1980, p. 1149) explicitly stated ‘‘.a sound and natural approach to such tests [Granger causality tests] must rely
primarily on the out-of-sample forecasting performance of models relating the original (nonprewhitened) series of interest.’’ Unfortunately, this important insight has been all but ignored
in the literature. Recently, a handful of researchers (e.g., Amato and Swanson, 2001; Chao
et al., 2001; Corradi and Swanson, 2002) have forcefully advocated the use of out-of-sample
Granger causality tests. As shown in Chao et al. (2001), the choice of out-of-sample versus
in-sample Granger causality tests can have a dramatic impact on causal inference. In this study,
we utilize recent advances in forecasting evaluation (Diebold and Mariano (1995) test) to more
accurately conduct out-of-sample Granger causal inference.
Finally, this study extends previous research to the recent period 1994e2002, and, to our
knowledge, presents the first attempt to explore the role of the new currency, the Euro, in
the Eurocurrency market in the context of international interest rate transmission. The use of
recent data is important, given the finding of Uctum (1999) that a structural break occurred regarding the influences of U.S. and German interest rates on other EMS member interest rates
after the German reunification in 1990. The rest of this paper is organized as follows: Section 2
presents econometric methodology; Section 3 describes the data; Section 4 presents major empirical results; and finally, Section 5 concludes the paper.
2. Econometric methodology
The basic empirical framework used in this study is a cointegrated vector autoregression
(VAR) model. Let Yt denote a vector which includes p nonstationary interest rates. Assuming
the existence of cointegration, the data generating process of Yt can be written as an error correction model (ECM) with (k  1) lags:
DYt ¼ PYt1 þ

k1
X

Gi DYti þ m þ 3t ðt ¼ 1; .; TÞ;

ð1Þ

i¼1

where D is the difference operator ðDYt ¼ Yt  Yt1 Þ, P is a ( p  p) coefficient matrix, Gi is
a ( p  p) matrix of short-run dynamics coefficients, and m is a ( p  1) vector of parameters.
We apply Johansen’s (1991) maximum likelihood estimation procedure to estimate the ECM
and to carry out the cointegration tests. The one-step-ahead out-of-sample forecasting computation is based on the ECM of Eq. (1).
2.1. Out-of-sample Granger causality tests
As noted, in-sample Granger causality tests have been widely used in the literature to investigate causal relationships among interest rates. The empirical implementation of such a test
employs the standard in-sample F or Wald test. However, as mentioned above, it is preferable
to conduct Granger causality tests by comparing out-of-sample forecasting performance, which
is more in the spirit of Granger’s (1969) original definition of causality. The way that out-ofsample tests are implemented in this study closely follows Amato and Swanson (2001).
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Specifically, to test for Granger causality running from yjt to yit, one should examine whether
the inclusion of series yjt helps to improve predictability of series yit (i ¼ 1, ., p, i s j ), given
the inclusion of other relevant economic (e.g., interest rate) series. In this study, allowing for
well-documented cointegration between interest rates, we estimate two vector error correction
models (Eq. (1)) with (hereafter the U model) and without yjt (hereafter the R model) included
in the vector Yt using, for instance, the first T1 observations. We then generate one-step-ahead
recursive forecasts of yit for the remaining T2 observations (T1 þ T2 ¼ T ) from both the U
R
U
model ðyU
it Þ and the R model ðyit Þ. Denote the corresponding forecast error series as eit and
R
U
R
U
eit , respectively. If yit is a more accurate forecast than yit , or equivalently, if eit is smaller
than eRit , then yjt Granger-causes yit in an out-of-sample sense. Compared to the bivariate framework used in the existing literature (e.g., Karfakis and Moschos, 1990; Awad and Goodwin,
1998), the multivariate framework in this study allows for the causal influence of the rest of
the world on the two interest rate series under consideration, thus excluding the possible spurious (out-of-sample) causal relationship due to omission of important causing variables (Katsimbris and Miller, 1993; Bremnes et al., 1997; Hassapis et al., 1999).
Determining whether there exists a (statistically) significant difference in forecasting accuracy between the U and R models is a fundamental aspect of the out-of-sample Granger causality test. It is possible that, although two sets of forecasts are visually different from each
other, they may not differ statistically. In this study, following Amato and Swanson (2001),
we apply a testing procedure proposed by Diebold and Mariano (1995). For a pair of h-stepR
ahead forecast errors ðeU
t ¼ 1; .; T2 Þ, the forecast accuracy can be judged on
it and eit ;
some specific function g($) of the forecast error (where Mean Squared Forecast Errors
(MSFE) are often used). The null hypothesis of equal forecast performance is:
  
 
E g eUit  g eRit ¼ 0;
where g($) is a loss function. In this paper we use g(u) ¼ u2, the square loss function. Define dt
by
 
 
dt ¼ g eUit  g eRit :
The DieboldeMariano test statistic is then

0:5
b
d;
DM ¼ VðdÞ
b
where d is the sample mean of dt, VðdÞ
is the NeweyeWest heteroskedasticity and autocorrelation consistent estimator of the sample variance of d. We use the simulated critical values provided in Table 1 of McCracken (1999) to conduct the DM test.
2.2. DAG contemporaneous causality tests
The instantaneous linkages among major Eurocurrency interest rates can be studied through
identifying contemporaneous causal relationships from their corresponding innovation processes. The contemporaneous causal structure on innovations can be identified through a priori
structural modeling of observed innovations bet , or, as is done in this study, through the directed
acyclic graphs (DAG) analysis of the correlation (covariance) matrix of bet (Spirtes et al., 1993;
Pearl, 1995; Swanson and Granger, 1997). For more discussion on the directed graphs analysis
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in the context of time series analysis, see Bessler and Yang (2003) and Demiralp and Hoover
(2003).
In this study, we apply the directed graphs method to determine contemporaneous causality
patterns. A directed graph is an assignment of causal flow (or lack thereof) among a set of variables (vertices) based on observed correlation and partial correlation. Each pair of variables is
characterized by an edge relationship representing the causal relationship (or lack thereof) between them. In the context of this study, there are five applicable cases for an edge relationship:
(1) no edge (X Y ), which indicates (conditional) independence between two variables; (2) undirected edge (XeY ), which signifies a nonzero covariance that is given no particular causal
interpretation; (3) directed edge (Y / X ), which suggests that a variation in Y, with all other
variables held constant, produces a (linear) variation in X that is not mediated by any other variable in the system; (4) directed edge (X / Y ); (5) bi-directed edge (X 4 Y ), which indicates
the bi-direction of causal interpretation between the two variables.
The directed acyclic graphs method provides a PC algorithm for removing edges between
markets and directing causal flows of information between markets. The algorithm begins
with a complete undirected graph, where innovations from every market are connected with innovations from every other market. It then proceeds in two stages: elimination and orientation.
In the elimination stage, the algorithm removes edges based on vanishing correlation and
partial correlation. Edges between variables are removed sequentially based on either vanishing
zero order correlations (unconditional correlations) or vanishing conditional correlations, where
conditioning is done on all possible sets with members 1, 2, ., N  2, where N is the number
of variables studied. Specifically, the algorithm removes edges from the complete undirected
graph by first checking for (unconditional) correlations between pairs of variables. Edges connecting variables having zero correlation are removed. Remaining edges are then checked for
first order partial correlation (correlation between two variables conditional on a third variable).
Similarly, edges connecting variables having zero first order conditional correlation are removed. Edges that survive this check of first order conditional correlation are then checked
against zero second order conditional correlation, and so on. For N variables, the algorithm continues to check up to order N  2 conditional correlation.
In applications, Fisher’s z statistic is used to test whether conditional correlations are significantly different from zero. Specifically, zðði; jjkÞTÞ ¼ 1=2ðT  jkj  3Þ1=2 lnfðj1 þ rði; jjkÞjÞ
ðj1  rði; jjkÞjÞ1 g and T is the number of observations used to estimate the correlations,
r(i,jjk) is the population correlation between series i and j conditional on series k (removing
the influence of series k on each i and j ), and jkj is the number of variables in k (that we condition on). If i, j and k are normally distributed and r(i,jjk) is the sample conditional correlation
of i and j given k, then the distribution of z(r(i,jjk)T )  z(r(i,jjk)T ) is also standard normal. Note
that although normality is maintained here, Monte Carlo simulation evidence suggests that, in
applications, the directed graphs analysis is not sensitive to this assumption so long as the distribution is largely symmetric (Scheines et al., 1994).
Once the elimination stage is completed, the algorithm proceeds to the orientation stage. The
notion of sepset is used to assign the direction of causal flow between variables that remain connected after all possible conditional correlations have been determined to be nonzero. The conditioning variables on the removed edges between two variables are called the sepset (for
vanishing unconditional correlation, the sepset is the empty set). Edges are directed by considering triples XeYeZ, such that X and Y are adjacent, and so are Y and Z, but X and Z are not
adjacent. Direct the edges between triples XeYeZ as X / Y ) Z, if Y is not in the sepset of X
and Z. If X / Y, Y and Z are adjacent, X and Z are not adjacent, and there is no arrowhead at Y,
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then YeZ should be positioned as Y / Z. If there is a directed path from X to Y, and an edge
between X and Y, then XeY should be positioned as X / Y.
The algorithm discussed above is implemented in the program TETRAD II (Scheines et al.,
1994), which we use for the empirical analysis below. For applications of the directed graphs
analysis on contemporaneous causal ordering of macroeconomic series, see Swanson and
Granger (1997) and Demiralp and Hoover (2003); for the contemporaneous causal flow across
various financial markets, see Bessler and Yang (2003) and Yang and Bessler (2004).
We highlight the fact that the contemporaneous causality tests may reveal a unidirectional
Granger causality pattern in the presence of time aggregation (Swanson and Granger, 1997; Breitung and Swanson, 2002). As is well known, causality can be jumbled once the data are temporally
aggregated. If the data are observed at intervals when the dynamics fail to hold, there may not be
any Granger causality detected. In the spirit of Granger (1988, p. 206), the true causal lag may be
smaller than the aggregation intervals. In this case, the observed or apparent contemporaneous
correlation at that interval can be indicative of unidirectional (Granger) causality in the presence
of temporal aggregation.1 Thus, the Granger causality test and the contemporaneous causality test
results should be combined to reveal a complete picture of causality, as they are complementary.
Uctum (1999) is among the first to suggest this approach. In accord with Swanson and Granger
(1997), Uctum (1999, p. 782) argues that the strong and significant correlations of interest rate innovations are possibly a reflection of high responsiveness of some markets to others, which would
not be captured in the lagged effects.
3. Data
The data for this study cover a 9-year period from January 2, 1994 to December 31, 2002.
The selection of the sample period, starting from 1994, excludes some significant events in the
EMS history. These events include the German reunification in 1990, the monetary turmoil and
the resulting currency crisis in September 1992, and another currency crisis in August 1993.
In particular, the currency crisis in August 1993 resulted in such a dramatic broadening of
fluctuation bands for the EMS member countries that many considered the EMS to become
a floating-rate system in all but name only. Compared to the previous range of fluctuations
of 2.25% around the central cross exchange rate (6% for Spain and Britain), beginning in
August 1993, seven EMS currencies could trade within a band of 15% above or below their
central rates. Thus, the period of 1994e1998 (before the introduction of the Euro) represents
an interesting and unique time period of the EMS, one which has not been fully explored in
the existing literature. Except for the introduction of the Euro in 1999, there are no other publicly identifiable events which can conceivably affect the interest rate linkages in Europe.
To allow for the structural break associated with the introduction of the Euro in January
1999, we divide the data into two subperiods. The first period covers a 5-year period of January
1994eDecember 1998, and includes eight major currencies: the U.S. Dollar, Canadian Dollar,
Japanese Yen, U.K. Pound, German Mark, French Franc, Italian Lira and Swiss Franc. The second period covers a 4-year period of January 1999eDecember 2002, and only includes the six
major currencies of the following countries (regions): the U.S., Canada, Japan, U.K., Eurozone,
1
Theoretically, the observed or apparent contemporaneous correlation could also be due to missing causal variables.
Such a possibility is probably hard to clearly rule out. But it is often also hard to specify what missing causal variables
exactly are in applied research.
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and Switzerland. Note that this division of the sample period is necessitated by data availability:
the Eurocurrency interest rates no longer exist for several EMU countries under study (Germany, France, and Italy) after 1999, as a single currency in the EMU (the Euro) replaced the
German, French and Italian currencies. Consequently, these Eurocurrency rates were replaced
by the interest rates on the new currency, the Euro, the so-called Euroeuro rates.
The daily data for major Eurocurrency interest rates are originally obtained from Datastream. All interest rates are generated from a single market, the London Eurocurrency market,
which should minimize distortions caused by differences in taxes, capital control and other regulations. The interest rate data for different Eurocurrencies are recorded synchronously at the
end of a trading day in London. An examination of the data shows that, for most Eurocurrency
rates (other than Eurodollar rates), there is little variation within a week. Thus, following Lo
and MacKinlay (1988), the daily data are converted into weekly observations to address the potential autocorrelation problem, yielding a total of 470 weekly observations.
The data possess the following features over the period of study: (1) prior to the third quarter
of 1999, most Eurocurrency interest rates tended to decline with the exception of the U.S. and
U.K.; (2) all Eurocurrency interest rates have increased from the third quarter of 1999 to the end
of 2000, but they steadily dropped throughout 2002; (3) the Japanese Yen interest rates remained the lowest over the entire sample period; and (4) before the introduction of the Euro,
the Italian Lira interest rates were the highest for the majority of the time. Several standard
unit root test procedures were applied to test for nonstationarity of the interest rate series in
the two periods. Consistent with previous studies, the results (available on request) show that
a unit root exists in all series in both periods.

4. Empirical results
The first step required for VAR model specification is the selection of the lag order k.2 Both
Akaike information criterion (AIC) and the likelihood ratio (LR) test, conducted at the 5% significance level, lead us to include two lags for both periods. We report the trace test results
along with the appropriate critical values in Table 1. At about 5% significance level, the cointegration rank is 3 for the first period and 1 for the second period.3 The findings of cointegration
2
Consistent with all the previous studies cited above, only interest rates are included in the system to examine their
causal relationships. As pointed out in Uctum (1999, pp. 784e785), such a practice can be justified based on the assumption that market rates incorporate the information contained in the final policy targets. More generally, such conditioning has to be implicitly used in most causality tests. As discussed in Granger (1988), to make the causality
definition operational, we have to conduct causality tests conditional on the information set we define for a particular
study. In this context, we may likely investigate prima facie causality rather than the true causal relationship, which can
potentially apply to any studies on causal relationships. The prima facie causality is a necessary condition, but not a sufficient condition, for true causality. Nevertheless, the information of one variable as a useful predictor for another conditioning on the defined information set can be inferred and practically important. Practically, many users of
Eurocurrency markets probably focus on inferring information from the interaction between various interest rates
directly.
3
We also conducted maximal eigenvalue tests. The eigenvalue test concludes with four (instead of three) cointegrating vectors for the first period. It agrees with the trace test result for the second period (one cointegrating vector at the
5% significance level). As discussed shortly, we use the forecasting performance comparison as a model selection approach to determine the appropriate cointegration rank. Furthermore, in the robustness check section, we find that such
slight difference in the cointegration rank basically does not affect the inference either on the Granger causality tests or
DAG contemporaneous causality tests.

Z. Wang et al. / Journal of International Money and Finance 26 (2007) 86e103

93

Table 1
Trace tests for cointegration ranka
Rank

Trace statistics

Critical values
at 5%

1994e1998
0
1
2
3
4

191.66
137.62
100.03
67.28
42.52

160.87
127.05
97.26
71.44
49.64

1999e2002
0
1
2
3

120.31
72.28
45.66
25.98

97.26
71.44
49.64
31.88

a

Only most relevant part of the trace test results is reported here to conserve space. The critical values are obtained
from MacKinnon et al. (1999).

in this study are consistent with those of many previous studies (Katsimbris and Miller, 1993;
Kirchgassner and Wolters, 1993; Bremnes et al., 1997; Hassapis et al., 1999; Uctum, 1999).
To test the robustness of the above rank order choices, we also compare the out-of-sample
forecast performance of cointegration models with different cointegration ranks (available on
request). We find that the models with the cointegration rank chosen above (namely r ¼ 3
for the first period, and r ¼ 1 for the second period) are the best model specifications in terms
of forecasting performance. Specifically, compared to other models with alternative cointegration rank (i.e., r ¼ 2, 4 and 5 for the first period, and r ¼ 0, 2 for the second period), the
cointegration model with r ¼ 3 fit to the first period provides the most accurate forecasts in
one-, three- and four-steps-ahead forecasts, and the model with r ¼ 1 fit to the second period
provides the most accurate forecasts in all one-step- to four-step-ahead forecasts. Hence, we
confirm the above choices of cointegration ranks. Given the above model specifications, we
conducted various causality tests as reported below. In the Appendix, we also report the full
information maximum likelihood estimates of a, b, G and S of the cointegration model for
the sample period 1994e1998 (r ¼ 3) and 1999e2002 (r ¼ 1), respectively.
Note that the theory does not provide unambiguous prediction on the extent and the nature
of international money market rate linkages. Short-term money market rates can generally
be viewed either as analogous to other asset prices or as policy instruments. With substantially
deregulated international financial markets and voluminous capital flows across borders, shortterm interest rates in different countries may be expected to move together to some extent,
depending on the degree of the remaining barriers to market entry. Furthermore, market-driven
comovement of interest rates may be confounded to a varying extent by the degree of monetary
policy independence sought by national authorities. As found in Uctum (1999), linkages among
national interest rates and intervention rates, which can directly capture the monetary authorities’ behavior, may well reflect international transmission of monetary policy. By contrast,
national money market interest rates (e.g., T-bill) reflect the markets’ perception of the monetary authorities’ behavior, and the linkages between them may only be loosely related to the
interaction of central banks’ monetary policy behavior.
In this regard, similar to national money market interest rates, Eurocurrency interest rates
may be better described as a type of asset prices than as a policy instrument. It is well known
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that compared to national money market interest rates, offshore Eurocurrency markets are not
subject to any government regulations. Arguably, such relatively unregulated markets could be
better positioned to collect market opinions about interest rate movements, which may not necessarily agree with the opinion of the national monetary authorities. Some researchers (e.g., Lo
et al., 1995) have documented evidence that Eurocurrency interest rates often (unidirectionally)
Granger-cause domestic money market interest rates in U.S. and Japan. Hence, the nature of
Eurocurrency rate linkages can only be determined by empirical testing, since there are no
well-justified theoretical priors regarding the cointegration rank among the interest rates (or
the exact identification of the cointegration structure).
4.1. First subsample (1994e1998)
4.1.1. Out-of-sample Granger causality test results (1994e1998)
As discussed above, to implement the out-of-sample Granger causality test on the hypothesis
that series yjt Granger-causes series yit (i, j ¼ 1, ., n, i s j ) with the inclusion of other relevant
series, we obtain the forecasts from both the U and R models. The U model (including all eight
variables in Eq. (1) and r ¼ 3) is first estimated using observations for the first 4 years (1994e
1997) (a total of 209 weekly observations). The first set of one-step-ahead out-of-sample forecasts for all eight series is generated from the estimated model. The model is then re-estimated
and new forecasts are generated after each of the first 51 observations in 1998 is sequentially
added to the sample (there are 52 weekly observations in 1998). This results in a series of 52
one-step-ahead out-of-sample forecasts. The forecast errors are formed by the difference between observed interest rates of year 1998 and the forecasts. The forecasts based upon the seven
R models (omitting series yjt in Eq. (1), j ¼ 1, 2,., 8 for each i, i ¼ 1, 2, ., 8, j s i) are generated in a similar way. It is worth noting that the cointegration ranks of each of the R models
are also re-estimated. We find that the R model, excluding the U.S., the U.K. and Germany, has
one fewer rank (r ¼ 2) than the U model. The cointegration ranks of the other five R models
remain to be 3.
For the first subsample, we have a total of 64 forecast error series. As discussed earlier, for
each of eight interest rate series, there is one forecast error series based on the U model and
seven based on the R models. With both the U and R model-based forecast error series at
hand, we calculate the DM statistic to complete the causality test. The causality test results
for the first period are presented in Table 2. There are three interesting possibilities. First, if
the U model generates more accurate forecasts (smaller Mean Squared Forecast Errors
(MSFE)) than the R model, and the DM test indicates that this difference is statistically significant, then yjt Granger-causes series yit. Second, if the U model generates more accurate forecasts than the R model, but the DM test indicates that this difference is statistically
insignificant, then yjt does not Granger-cause series yit. Third, if the U model generates less accurate forecasts (larger MSFE) than the R model, then yjt does not Granger-cause series yit, and
no further test is conducted. It should be noted that if the U model has much more parameters
than the R model and/or the ratio of T2/T1 is large, forecasts from the U model can still be more
accurate than those from the R model in terms of DM test, even if the U model has a larger
MSE than the R model (McCracken, 1999). Nevertheless, neither of the two conditions applies
here.
From Table 2 we can see that the U models generate more accurate forecasts than the R models
in 17 out of 56 cases studied. Further DM tests show that Granger causality is statistically significant at the 10% significance level in nine cases (of which six are significant at the 5% level). There
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Table 2
Out-of-sample Granger causality tests (1994e1998)a
U.S.
U.S.
Canada
Japan
U.K.
Germany
France
Italy
Switzerland

Canada

Japan

U.K.

Germany

0.577
1.748**

0.844*
0.330

0.233
0.507

France

Italy

Switzerland

0.836*

1.134**

0.120
0.297
0.740*

1.431**
1.639**

0.580
2.078**

0.103

1.731**

a

Each entry reports the result of a DieboldeMariano test. The null hypothesis is that each series in the first row does
not Granger-cause any particular series in the first column (given existence of other series in the first column). The
symbols ‘‘**’’ and ‘‘*’’ indicate that the null is rejected at a 5% and 10% significance level, respectively. Empty entries
on off-diagonal elements represent cases where an unrestricted model has a larger MSFE than a restricted model. The
null of no Granger causality cannot be rejected for the insignificant or empty entries. The critical values of Diebolde
Mariano test are provided in McCracken (1999).

are no Granger causal relationships between many pairs of Eurocurrency interest rates. Although
not directly comparable, the strength of causal linkages in the Eurocurrency market in this study
appears much weaker than what is reported in Awad and Goodwin (1998), where the causality in at
least one direction is detected in 31 out of the 90 cases (34%), in contrast to nine out of 56 cases
(16%) in this study. In addition to different data sets, such a difference might be attributable to our
use of a different test of forecast accuracy (i.e., the DM test) and a multivariate (rather bivariate)
VAR framework that incorporates cointegration relations.4
As shown in Table 2, three major Eurocurrency interest rates, U.S., Japan and Germany,
were not Granger-caused by any other interest rates. On the other hand, Japanese rates caused
changes in the U.K., French and Italian rates. U.S rates appeared to Granger-cause Italian rates.
German rates did not Granger-cause any other Eurocurrency interest rates. By contrast, the
other five Eurocurrency interest rates were caused by at least one of other interest rates. Canadian interest rates were caused by French rates but not the U.S. rates. The U.K. interest rates
were caused by two other interest rates (Canada, Japan) but not the U.S. rates. Italian Lira interest rates were also caused by two other interest rates (U.S. and Japan) while Swiss interest
rates were caused by the U.K. and Italy. Overall, the Granger causality test results alone do not
suggest a strong causal linkage between the Eurocurrency markets during 1994e1998. However, as mentioned earlier, in the case of temporal aggregation, Granger causality tests may
not provide a complete picture of causality (Swanson and Granger, 1997). Below, we turn to
contemporaneous causality tests that complement Granger causality tests.
4.1.2. DAG contemporaneous causality test results (1994e1998)
As reported in the Appendix, we find strong contemporaneous correlations among the innovations in major Eurocurrency interest rates. Strong contemporaneous correlations of various
4

Out-of-sample Granger causality tests may be misleading if cointegrating relations are wrongly omitted from the
model. Omitting the error correction terms in Eq. (1), we conduct the out-of-sample causality test in VAR in first difference. For the first period of 1994e1998, we find that the non-causality hypothesis can be rejected 12 times (compared
to nine times based upon the ECM model). The major difference is that the U.K. and German rates are mistakenly found
to cause the U.S. rates. Similarly, we also find more rejections of the null hypothesis in the second period of 1999e2002
(eight times compared to five times using the model that incorporates cointegration relation(s)).
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interest rate innovations have been reported in previous studies, including Kirchgassner and
Wolters (1987), Karfakis and Moschos (1990) and Uctum (1999). It is also well recognized
(Kirchgassner and Wolters, 1987, p. 679; Uctum, 1999, pp. 781e783) that the contemporaneous correlations among interest rate innovations may reflect the phenomenon that new information in one market is transmitted and shared by other markets in contemporaneous time, due to
immediate response to price changes between markets. In such a case, however, both Kirchgassner and Wolters (1987) and Uctum (1999) assume that the currency of the larger country
dominates the smaller one, such as the contemporaneous causal flow running from Germany to
other European markets. Uctum (1999) pointed out that strong contemporaneous correlations
might also be consistent with the existence of a common factor.
We conduct DAG contemporaneous causality tests for the period of 1994e1998. We form
the starting undirected graph by connecting all of the pairs of the eight interest rates under consideration, which results in a total of 28 edges. These edges are then subject to sequential removal based upon unconditional or conditional zero correlations. In removing edges, the
simulation evidence in Scheines et al. (1994) shows that one should choose a 10% significance
level for moderate sample sizes such as those studied here. Thus, we choose a 10% significance
level in this study. Less than half of the edges remain in the final graph indicating that the causal
relationships are present in these pairs. The causal flows in eight edges, specifically, Germanye
U.S., GermanyeCanada, CanadaeFrance, JapaneGermany, U.K.eGermany, GermanyeItaly,
SwitzerlandeGermany, and ItalyeFrance, are explicitly directed at the chosen significance
level. However, three other edges, U.S.eCanada, U.S.eSwitzerland, and CanadaeItaly remain
undirected, perhaps because of the instability of such edge relationships.
As mentioned previously, contemporaneous causality test results can be treated to reveal hidden information on Granger causal relations due to time aggregation (Swanson and Granger,
1997). In this study, contemporaneous causality test results can thus be interpreted meaningfully only when combined with Granger causality test results. Hence, Fig. 1 is a graphical representation, which reports the causal relations from both tests, where DAG causality results are
represented by solid lines (d) and Granger causality test results by dashed lines (- ---). Most
importantly, different from the inference from using Granger causality test results alone, Fig. 1
suggests much stronger causal linkages between these Eurocurrency markets than the Granger
causality tests reveal. Almost every pair of markets is connected with unidirectional or bidirectional causal edges. As discussed below, it should also be clear that causal roles of various
Eurocurrency markets, as suggested by Fig. 1, can be quite different from those of the Granger
causality test results alone (at least in some cases).

Japan

United States

United Kingdom

Canada

Germany

Switzerland

France

Italy

Fig. 1. The combined causal pattern between eight Eurocurrency rates (1994e1998).
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Specifically, the U.S. was caused by Germany, which is not found in Granger causality tests.
As the U.S. only possibly caused Canada and Switzerland, there is little evidence for U.S. dominance in the Eurocurrency market. It is also now found that the Japanese market caused Germany, in addition to several European markets (France, U.K., and Italy). This provides stronger
evidence for the influence of Japan on European markets, which is a bit surprising and has not
yet been documented in the literature. Nevertheless, Japan is not found to cause the U.S. and
other markets during the period. We also have new evidence for the importance of the U.K.
market as an international money center, which sent the information to the two European markets including Germany, after collecting information from Asia (i.e., Japan) and North America
(i.e., Canada). The German market was the only market which is clearly identified to cause the
U.S., Canadian and Italian markets. Noteworthy, such an informational role of Germany is revealed only in the DAG contemporaneous tests, as German is otherwise considered an isolated
market from all other markets based on Granger causality test results. On the other hand, the
German market was also caused by such markets as Japan, U.K. and Switzerland, which again
is only revealed in the DAG tests. Finally, three European markets, i.e., France, Italy and Switzerland, did not have much influence on other markets, as they caused only one of the other
markets but were caused by two or three other markets.
Overall, the combined causality test results during 1994e1998 are largely consistent with
the finding of Uctum (1999) that the influence of German interest rates on other European interest rates was weakened, and the international interest rate linkage between several major European countries and the U.S. broke down after the German reunification (during the period of
1990e1997).5 As pointed out in Uctum (1999), such a possible breakdown between several major European markets and the U.S. can be traced back to the divergence between European and
U.S. monetary policies after 1990. In 1990, the West German government decided, on political
grounds, to convert East German savings, wages and prices at vastly overvalued exchange rates
of the East German mark. This resulted in an expansion in the German money supply, which
contributed to the inflationary pressures facing reunified Germany. At the same time, the combination of East and West Germany caused huge increases in welfare expenses. The Bundesbank responded to unification-induced inflation and deficits by raising real interest rates and
keeping them high. Its final target was shifted from reducing unemployment and stimulating
growth in the 1980s to combating inflation in the 1990s. By contrast, the sole objective for
the Fed continued to be stimulating growth, as is evidenced by a stepwise decline in interest
rates to simulate the U.S. economy in the early 1990s.
The Bundesbank’s response also explains why the influence of Germany on other European
markets may be weakened after 1990. It is well known that the EMS was essentially based on
Germany’s continuing ability to deliver low inflation rates and low real interest rates. With the
German government running huge and inflationary deficits and high interest rates since 1990,

5
We thank a referee for bringing up the point that the comovements in business cycles or inflation between the countries, as measured by the correlations of unemployment rates and inflation rates, are likely to explain to some extent the
Eurocurrency rate causal linkages. As pointed out in Uctum (1999), these two are the two final targets of central bank
policies for most industrialized countries in 1990s. Many pairs of causal links shown in Figs. 1 and 2 are characterized
with rather high correlations in either unemployment rates or inflation rates. Some of the most relevant correlations are
as follows. During 1994e1998, the correlations of unemployment rates among these countries are 0.62 (Canadae
France), 0.88 (CanadaeU.K.), and 0.49 (JapaneGermany). During 1999e2002, the correlations of unemployment rates
are 0.92 (JapaneU.S.), and the correlations of inflation rates are 0.61 (CanadaeEuro), 0.49 (CanadaeU.K.), 0.65
(CanadaeU.S.), 0.41 (U.S.eU.K.), and 0.46 (U.S.eEuro).
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the cost of other EMS member countries following a Bundesbank’s monetary policy increased
dramatically and might have exceeded the benefit. As observed in Uctum (1999), to make the
EMS viable, Germany had to respond to its partners’ monetary policies after its reunification.
The currency crises in 1992 and 1993 are a manifestation of the severe lack of such effective
monetary policy coordination in this new era. Hence, not surprisingly, our results are also partly
consistent with Hassapis et al. (1999), who find that the German interest rates were caused by,
rather than cause, the interest rates of several major European countries. However, we do not
find evidence that the U.S. has a strong influence on most European rates, although the former
is indeed not much influenced by the latter (Awad and Goodwin, 1998; Hassapis et al., 1999).
4.2. Second subsample (1999e2002)
4.2.1. Out-of-sample Granger causality test results (1999e2002)
Applying out-of-sample Granger causality tests to the second period, we also find some differences in the cointegration ranks between the U and R models. No cointegration relation is
found if either Euro or Switzerland is omitted from Eq. (1). For these R models, a VAR in first
difference is used. The number of forecast error series in the second period is 36 for the six
interest rates. The out-of-sample Granger causality test results for the second period 1999e
2002 are reported in Table 3.6
The Granger causal relations are found to be significant between nine pairs of interest rates,
although the U model prevailed in 16 out of 30 cases. The U.S. market did not cause any other
markets and was caused by Canada and the U.K. As will be clear shortly, such a puzzling result
may be largely due to failure to allow for more rapid information transmission from the U.S. to
other markets, as captured by the contemporaneous causality tests. The impact of Japanese Yen
persisted in this period, as it significantly caused Canadian and Euro rates. The Euro rate only
caused the Canadian rate and was only caused by the Japanese rate. The Granger causality between U.K. and Canada is bi-directional. The U.K., rather than the Euro, seemed to have a bigger effect on other rates following the adoption of the European Monetary Union.
4.2.2. DAG contemporaneous causality test results (1999e2002)
For the six markets in the second period, we remove seven edges out of the total of 15.
Among the eight remaining edges, four of them are undirected: CanadaeEuro, EuroeSwitzerland, EuroeU.K., and U.K.eSwitzerland. Interestingly, if only the first 2-year (1999e2000)
sample observations are used, the contemporaneous causal relationships between Canadian
and Euro, and between Euro and Swiss markets are directed as Canada / Euro, Euro / Switzerland. This may suggest, among other things, that contemporaneous causal flows between
these markets might be unstable due to the unsettled role of the new currency Euro. The result
6
Based on recursive cointegration tests, we find evidence that adding the data of year 2003 consistently increases the
cointegration rank from 1 to 3 (or higher). As further evidence of such a break, none of the edges can be directed with
the data of 2003 added to the second subsample. Interestingly, such a break between Eurocurrency interest rates
(roughly) beginning in 2003 coincides with a new trend of the Euro exchange rates. Since its inception in January
1999, the Euro had mostly fallen against the U.S. dollar throughout much of the year 2002 (from about $1.2 in early
1999 down to about $0.85). Only until January 2003, the exchange rate of the Euro against the U.S. dollar turned around
and exceeded 1.0 again and it continued to appreciate up to $1.2 until early 2004. Since there is only 1-year data in 2003
available at the time of writing, we cannot meaningfully conduct a separate analysis. Thus, we decide to leave this for
future research and drop it from the second period.
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Table 3
Out-of-sample Granger causality tests (1999e2002)a
U.S.
U.S.
Canada
Japan
U.K.
Euro
Switzerland
a

Canada

Japan

U.K.

Euro

Switzerland

1.566**

1.412**
2.699**

1.897**

1.573**

0.933*
0.095
0.019
0.207
0.222
0.429

0.132
2.252**
0.339

1.218**
0.821*

See the note in Table 2.

on contemporaneous causal relationships in the second period is presented in Fig. 2. Again,
similar to the finding in the first period, with the DAG contemporaneous causality test result
added, the causal linkages among these markets are stronger than what is revealed based on
using the Granger causality tests alone.
More importantly, several pairs of causal relationships added from the DAG tests in Fig. 2
are particularly helpful in better understanding the nature of causal roles of various currencies.
Specifically, we now find that the Euro is not only caused by Japan, but also by the U.S., which
is consistent with the fact that the Euro was not a strong currency in its first few years as the
EMU struggled with the macroeconomic problems and policy coordination among its member
countries. We also document the causal flow from Japan to the U.S., which further strengthens
the impression of the influence of Japan in the Eurocurrency markets. We find that the causal
linkage between the U.S. and U.K. is bi-directional instead of unidirectional. Finally, as three
edges related to the Euro are not directed, we can only infer that Euro did not appear to have
had much influence on the rest of the world. The Euro only clearly caused the Canadian market.
4.3. Robustness check
We have conducted many robustness tests for the results reported here (results available on
request). In particular, although the division of subperiods is mandated by the nature of the data,
we examine the potential structural break within each subsample. We find some evidence for
the instability of cointegration rank in the first subsample but little for the second subsample.
Thus, for the first period, the cointegration rank could be 3 or 4, although 3 is considered the
best fit based on the out-of-sample test. We repeated both types of causality tests based on the
assumption of cointegration rank equal to 4 for the first period. The out-of-sample Granger causality tests yield a similar inference and the DAG contemporaneous tests yield an identical pattern to what is reported here. Furthermore, we consider an alternative cointegration rank of 2 for
Japan

Canada

United States

Euro

United Kingdom

Switzerland

Fig. 2. The combined causal pattern between six Eurocurrency rates (1999e2002).
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the second period. As might be well expected, the inference is qualitatively the same. Nevertheless, as discussed previously (footnote 4), failure to impose cointegration constraints (if such
exists) would lead to misleading Granger causality test results.
We also conducted robustness checks based on alternative windows of in-sample estimation
period and out-of-sample forecasting period. Such a check is expected to shed more light on
how the potential instability might affect the causality test results. In particular, we conducted
both types of causality tests using 3 years (1994e1996) for in-sample estimation and 2 years
(1997e1998) for out-of-sample forecasting in the first period, and 2 years (1999e2000) for
in-sample estimation and 2 years (2001e2002) for out-of-sample forecasting in the second period. In such an experiment, DAG tests again produce similar patterns, consistent with the
Monte Carlo evidence of its reasonable reliability in identifying the correct causal structures
(Demiralp and Hoover, 2003). Although Granger causality tests result in somewhat more significant causal relationships, we again find that the basic inference, particularly about the causal
roles of the U.S., Japan and Germany in the first period and those of the U.S., Japan and Euro in
the second period, is qualitatively unchanged.
5. Conclusions
In this study, we investigate the contemporaneous and Granger causal relationships among
major Eurocurrency interest rates from 1994 to 2002. The sample period enables us to assess
the informational role of the recently introduced Euro in the Eurocurrency market. Both out-ofsample Granger causality tests within the framework of multivariate cointegrated VAR models
and DAG contemporaneous causality tests are conducted and combined to yield inference on
causal linkages between Eurocurrency markets. The study underscores the importance of exploiting both Granger causality tests and contemporaneous causality tests in causality analysis,
as recently advocated by Swanson and Granger (1997). Compared to inference based on
Granger causality test results alone (which is typically applied in this line of the literature),
the combination produces a more complete picture of causality, suggests stronger causal linkages between the markets, and results in more sensible results. Similarly, Uctum (1999) also
found that the inference based on Granger causality tests alone appears to be counterintuitive
for the analysis of interest rate causal linkages, while additional allowance for high contemporaneous correlations yields much more intuitively appealing findings.
The overall results suggest that the U.S. dollar interest rate does not exert a dominant influence on other currencies in both periods, which is not in line with some recent studies (Awad
and Goodwin, 1998; Hassapis et al., 1999). Nevertheless, the impact of U.S. dollar interest rates
appears to be strengthened after the introduction of the Eurocurrency in 1999. The interest rates
on the German mark (the currency commonly considered as a predecessor of the Euro)
Granger-caused the U.S. dollar and some other interest rates, and meanwhile were caused by
other interest rates. This evidence is consistent with Uctum (1999) and suggests the decline
of German dominance in Europe. Furthermore, there is only rather weak evidence for the influence of the Euro interest rates on other Eurocurrency interest rates. A possible explanation
might be the heterogeneity of EMU member countries and lack of flexibility in interest rate
adjustments as constrained by accomplishing the common economic and monetary union goals.
Finally, there is strong evidence from both tests and across both periods that Japanese interest rates were influential on other interest rates, but had no noticeable response to the outside
world. Such a finding is a bit surprising, and has not been documented in the literature. Nevertheless, it is well known that the Euroyen is the second most important Eurocurrency market
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in the world. Furthermore, Japan has become the biggest net capital exporter, particularly since
the late 1980s when bubbles in its economy and stock market burst. On the other hand, Germany and some other European countries were in great need of foreign capital in the 1990s.
Thus, it seems possible that interest rates offered on other currencies are particularly sensitive
to changes in the money market rates in Japan to attract the Japanese and other international
investors. Little causal influence of other markets on Japan might be an indication of the
fact that the Japanese monetary policy targets differ from most other countries during the sample period due to its focus on fighting against recession and deflation rather than inflation, or
that the Japanese financial markets are the least open to international investors among major
industrialized economies (Bessler and Yang, 2003). Future research is warranted to further explore this issue and provide more clear-cut explanations.
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Appendix
The estimated error correction model (1994e1998)7
0

1
:023 :065 :001
:017 :006 :044 :027
:007
a ¼ @ :002 :004 :010 :006 :000 :017 :016 :007 A;
:015 :008 :003 :019 :028 :032 :002 :007
0

0

1
1:000 :633 :904
:026
2:254 :972 :243 :295
b ¼ @ :525 1:000 1:967 :207 6:349 3:526 :675 2:527 A;
:018 :382 1:000 1:135 1:611 :048 :130 :773
0

:242
B :174
B
B :126
B
B :050
G¼B
B :016
B
B :022
B
@ :056
:033

7

:010
:159
:048
:001
:038
:224
:068
:042

:010
:161
:435
:051
:033
:160
:005
:061

:063
:148
:051
:086
:018
:249
:305
:159

:091
:098
:108
:059
:092
:085
:372
:106

:010
:082
:011
:023
:013
:229
:041
:004

1
:028
:037
:058 :166 C
C
:007
:145 C
C
:012 :038 C
C;
:021 :034 C
C
:321
:067 C
C
:049 :043 A
:054 :115

The original value of each element has been multiplied by 1000 for the ease of presentation.
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1
7:798
C
B 3:283 43:600
C
B
C
B 1:098 1:174 18:200
C
B
B :753
C
:682
:324
7:389
B
C:
S¼B
C
1:338
2:852
1:017
1:216
5:117
B
C
B :435 9:725 2:108 1:377 1:465 59:900
C
B
C
@ :535 9:643 :818 1:138 2:458 19:700 38:100
A
1:552 :021
:648 :090 2:972 :560 :263 13:900
0

The estimated error correction model (1999e2002)7
0

a0 ¼ ð:043 :053 :016 :006 :021 :049 Þ ;
b ¼ ð1:000 2:032
0
:012 :132
B :028 :027
B
B :007 :035
G¼B
B :076 :133
B
@ :028 :102
:033
:030
0
9:511
B 3:881 6:506
B
B :706 :062
S¼B
B 3:671 1:459
B
@ 2:948 1:916
3:862 1:238

4:181 2:003 2:743 2:377 Þ;
1
:047 :036 :051 :088
:151
:091 :118 :111 C
C
:079 :025 :007
:012 C
C;
:003 :001 :048
:116 C
C
:160
:130 :106 :108 A
:040 :110
:022 :068
1
2:322
:182 5:892
:017 1:800 5:714
:262 2:252 2:531 11:300

C
C
C
C:
C
C
A
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