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ABSTRACT

The monetary model suggests that nominal exchange rates between two countries will be

determined by important macroeconomic variables. The existence of a cointegrating relationship

among these fundamental variables is the backbone of the monetary model. In a recent paper,
Rapach and Wohar (2002, Journal of International Economics) advance the literature by testing for
linear cointegration in the monetary model using a century of data to increase power. They find
evidence of cointegration in five or six of ten countries. We extend their work to the nonlinear

framework by performing threshold cointegration tests that allow for asymmetric adjustments in two

regimes. Asymmetric adjustments in exchange rates can occur, for example, if transactions costs are

present or if policy makers react asymmetrically to changing fundamentals. Moreover, whereas

Rapach and Wohar (2002) found it necessary to exclude the relative output variable in some cases to

maintain the validity of their cointegration tests, we can include this variable as a stationary covariate

to increase power. Overall, using their same long-span data, we find more support for cointegration in

anonlinear framework.
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above papers.

To perform our empirical tests, we first consider the ordinary least squares based
autoregressive distributed lag (ADL-OLS) threshold cointegration test developed by
Li and Lee (2008). We utilize two different threshold effects hypothesized to arise
from asymmetric policy responses and/or transactions costs. In particular, we
consider threshold models where adjustment to the long-run equilibrium can
depend on the level or change in the deviations from the long-run equilibrium.
Moreover, in some countries, the nominal exchange rate and the relative money
supply series are each I(1) while the deviation in output series is 1(0). While RW
(2002) omit the output deviation variable in these cases, we want to include this
variable as a stationary covariate in our cointegration tests to increase power. In
these cases, we utilize the instrumental variables based autoregressive distributed
lag (ADL-IV) threshold cointegration test as suggested in Enders, Im, Lee and
Strazicich (2009). The ADL-IV threshold cointegration test is well suited to this task,
since the test statistics are unaffected by including stationary covariates.?

Our data set is the same as in RW and consists of over 100 years of annual data on
nominal exchange rates (foreign currency per U.S. dollar), national money supplies
relative to the U.S. money supply, and real GDPs relative to the U.S. real GDP for
fourteen industrialized countries. > The nominal exchange rate series come from
Taylor (2001). The money supply and real GDP data come from Bordo and Jonung
(1998) and Bordo, Bergman, and Jonung (1998), respectively. The specific sample
periods for each country are reported in our Tables below. Using a long-span data
set has the distinct advantage of potentially more observations in each regime and
greater power in inference tests. Overall, we find greater support for cointegration
in a nonlinear framework as compared to the linear tests. Combining results, we
reject the null of no cointegration (in at least one regime) in 8 of the 10 countries
examined. These findings provide new support to the growing number of papers
by Taylor and Peel (2000) and others who find more support for the monetary model
in a nonlinear framework.

The remainder of the paper proceeds as follows. In Section 2, we briefly
describe the monetary model and our test methodology. In Section 3, we discuss
our empirical findings. We summarize and conclude and Section 4.

2 The presence of stationary covariates can pose a problem in existing tests for nonlinear cointegration;
see, for example, the papers by Bec, Ben Salem, and Carrasco (2004), Kapetanios, Shin, and Snell (2006),
Kapetanios and Shin (2006), and Spagnolo, Psaradakis, and Sola (2005). In our analysis of the monetary
model the output gap can be a stationary variable. While we want to include this fundamental variable in
our cointegration test to increase power, including stationary covariates in these existing tests will induce a
nuisance parameter problem that makes the test statistic dependent on the unknown parameter indicating
the signal-noise ratio. As such, these tests are less suitable in our applications. In work not reported
here, we additionally examined the monetary model by using the ECM-IV threshold cointegration test as
suggested in Enders, Lee, and Strazicich (2007). While the ECM-IV test has similar features as the ADL-IV
test, we obtain more rejections of the null using the ADL-IV tests so omit the ECM-IV test results in this
paper.

3 We thank David Rapach for generously providing the data.
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|l . Monetary Model and Testing for Threshold Cointegration

The monetary model can be described by:

er= fo+ fu(m* —my) + (v —yi) + vy, )

where ¢ denotes the nominal exchange rate (foreign currency per unit of domestic
currency), m* denotes the foreign money supply, m denotes the domestic money
supply, y* denotes the foreign country output, y denotes the domestic country
output, and f is a time subscript. The United States is the domestic country in each
case and all variables are in natural logarithms.* If e, (m* —my), and (y:* —y;) are
each I(1), then the long-run equilibrium condition implies that these variables are
cointegrated and v; = e; -0 - fi(m* — my) - Po(y:* — y:) will be a stationary process.?

While the ADL-OLS threshold cointegration test can have greater power than the
ADL-IV test, the ADL-OLS based test has nonstandard distributions that depend on
the nuisance parameter when stationary covariates are included. In contrast, the
ADL-IV threshold cointegration test is invariant to nuisance parameters in such cases.
Therefore, in countries where y* - y, e, and m;* — m; are nonstationary, we will utilize
the ADL-OLS threshold cointegration test. Then, in countries where y* —y is
stationary, while e and m,* — m; are nonstationary, we will utilize the ADL-IV test.
The ADL-IV based test is well suited in this case, since the same standard normal
critical values can be adopted with stationary covariates in the testing equation.

The nonlinear specification of the monetary model in the ADL threshold
cointegration test can be described as follows: ¢

4 In a strict theoretical framework, the monetary model in (1) predicts that f1 = p1 and B2 < 0.
However, imposing these restrictions is not necessary in our tests for threshold cointegration and may lead
to bias test statistics if these restrictions do not strictly hold in practice. As such, we prefer to refrain from
imposing any restrictions on these coefficients in our tests. We thank an anonymous referee for bringing
this to our attention.

5 We note that the model in (1) is one version of the monetary model of exchange rates and there are
other versions that have been proposed. In particular, the model in (1) assumes flexible prices and was
originally suggested by Frenkel (1976) and Mussa (1976). In this paper, we focus only on the model in (1)
since this model has been most often examined in the literature with cointegration tests.

¢ We allow for threshold effects in the short-run dynamics of the cointegrating model. As an
anonymous referee correctly notes, allowing for threshold effects in the cointegrating vector would be an
alternative way to capture different regimes in the long-run dynamics. However, allowing for a threshold
effect in the long-run cointegrating vector is beyond the scope of the present paper. Instead, we follow
the common approach taken in the literature on threshold unit root and cointegration models and allow
for threshold effects only in the short-run dynamics; see, for example, the papers by Balke and Fomby
(1997), Enders and Siklos (2001), and Hansen and Seo (2002), among others. Presumably, it can be
possible to allow for threshold effects in both the long-run and short-run dynamics, but we leave these
issues for future research.
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Ae =1, [p1 e;-1traj (m[*—m[)+ag(y;* — V) +biAlmy* — m,) + DAy — )l
+(1-1) [p2 e 1+ c1(my—m,) +co(y—y) +diAlmy—my) + Ay, ]
+14. 2

Lags of Ae, A(m¢*— my), and A(y:* — y;) can be included as necessary to correct for
serial correlations. There are clear advantages to using ADL models; see Li and Lee
(2008), and Enders, Im, Lee, and Strazicich (2009) for more details.

Following these methods, we consider two threshold indicators. The first is the
so-called threshold autoregressive (TAR) model:

L=1ifet_121and1f=0ifet.1<t, (3)

where  is the threshold value. The second threshold indicator is the so-called
momentum threshold autoregressive (M-TAR) model:

L=1if Aesa=tand [; = 0if Aer 1 <. (4)
We test the following null hypothesis in each case:
Ho: p1=0and p2=0 vs. Hi:p;<0and/or p,<0. )

Thus, under the alternative hypothesis the deviation from the equilibrium will be
stationary in at least one regime. We transform the threshold parameter into its
percentile and determine this value by minimizing the sum of squared residuals.
Specifically, since the threshold parameter cannot be greater or less than the
maximum or minimum value of the threshold variable, we first sort the threshold
variable e.; into e.1*, which takes the ordered values of e.; from the minimum to
maximum value of e.;. Then, we consider the following transformation scheme:

Li=1g_, 2z7)= I o'T 71/26:71 “>o T "¢ )=1( o'T 71/28:71 > c¥), (6)

Sl —1/2
where ¢* = o 1 '

T1E(Q e1)> Next, we let et_l*(f)= c* be the c-th percentile of the empirical

is the normalized threshold parameter and o2 =

distribution of e.r", such that P[o'T 71/26:_1 <c=Plc’'T 71/26:_1 < et_l*(r)] =

As a result, the threshold parameter tis transformed into a percentile parameter ¢
defined over the interval 0 and 1, and the asymptotic distribution of the
corresponding threshold tests will depend only on the percentile parameter c. We
can therefore provide critical values based on the percentile parameter defined on
the interval between 0 and 1, rather than on a real value that can potentially vary
over - to +w. We estimate the threshold percentile parameter by a grid search to
find the value of e.1 (or Ae.1) that minimizes the sum of squared residuals from the
regression. For the grid search procedure, we use each value of the sorted data of
er1 (or Aesq) from the minimum to maximum value, while trimming values at the
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<Table 1> ADL-OLS Threshold Cointegration Test Results,
Ii=1if Ae;s=tand I =0if Aeps <7

Country Pl ) Wald threshold percentile lag
Australia (1880~1995) 0019 | 0320 5.552 -0.055 0.147 0
Belgium (1880~1989 -0.143 | -0.037 | 31.292*** 0.085 0.773 0
Canada (1880~1995) -0.315 | -0.079 | 39.505*** 0.000 0.526 0
France (1880~1989) -0.145 | -0.094 | 26.854* 0.073 0.688 0
Italy (1880~1995) -0.239 | 0124 | 69.056*** 0.104 0.853 0
Spain (1901~1995) -0.185 | -0.193 | 36.351*** 0.061 0.691 0
Switzerland (1880~1995) | 0.058 | -0.049 15.851 0.046 0.854 0
UK (1880~1995) -0.128 | -0.086 | 30.427** 0.082 0.853 0

Note: The Wald statistic tests the null hypothesis of no cointegration in two regimes (p1 = p> =0). All
models include a constant term without trend. Critical values come from Table 1 in Li and Lee (2008) for
the Boswijk version of the ADL-OLS threshold cointegration test with n = 2 conditioning variables. The
percentile threshold value was determined by minimizing the sum of squared residuals. * **, and ***
denote rejection of the null of no cointegration at the 10%, 5%, and 1% levels of significance, respectively.

lower and upper 10% of the data. Chan (1993) showed that this type of procedure
can estimate the threshold consistently under the null and alternative hypotheses.
The threshold parameter estimator is super-consistent under the alternative,
implying that the estimated value is expected to converge to its true parameter value
more quickly under the alternative hypothesis than under the null.

In the ADL-OLS test, we utilize the Boswijk (1994) version of the Wald test to test
the null hypothesis as recommended by Li and Lee (2008). The critical values come
from Table 1 in Li and Lee (2008). We use critical values corresponding to each of
the indicator functions defined in (3) and (4), respectively. In the ADL-IV test we
utilize the usual t-statistics to test the significance of p:; and p», since these test
statistics have standard distributions and are unaffected by including y*y as a
stationary covariate.

To apply the ADL-IV test we utilize the following instruments:

wie = [Ii(er1 - erm), (1-I)(er1 - eem)]’ for  [liers, (1-I)ex]’, and
wWo = [It (yz,t-1 - yz,t.m), (1_It) (yz,c.1-yz,t.m)]’ for [It Yoi1, (1—It) yz,t.1] (7)

where y» denotes the regressors [(y:*-yi), (m*~m)]’. We let w, = (w1, wa)' for
our instrument. The resulting t-test statistics for p; and p> will have asymptotic
standard normal distributions in each case; see Enders, Lee, and Strazicich (2007) and
Enders, Im, Lee, and Strazicich (2009).”

7 As noted by an anonymous referee, the IV type tests will be biased if the order of integration in the
variables is mis-specified, especially if non-stationary variables are incorrectly considered to be stationary
since instruments are required on all nonstationary variables. However, using instruments on stationary
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I. Introduction

The monetary model suggests that nominal exchange rates between two
countries will be determined by important macroeconomic fundamentals. Two
early references to the model are Mussa (1976) and Bilson (1978). While the
monetary model is intuitively appealing, empirical support for the model is often
difficult to find. Perhaps most critical in this regard are the findings in Meese and
Rogoff (1983), where the authors obtain better forecasts of nominal exchange rates in
a simple random walk as compared to the monetary model. If the monetary model
is valid and the fundamental variables are nonstationary, then a cointegrating
relationship must exist. Many empirical studies, however, fail to find support for
(linear) cointegration in the monetary model (e.g., Meese, 1986, Baillie and Selover,
1987, and Sarantis, 1994). More recently, Rapach and Wohar (2002, RW) advance
the literature by performing (linear) cointegration tests of the monetary model using
a century of data. By using long-span data to increase power, RW find greater
support for the monetary model than in many previous tests and find evidence of
cointegration in 5 or 6 of 10 countries.!

In this paper, we re-examine the long-span data in RW and perform nonlinear
threshold cointegration tests. If the underlying model is nonlinear and linear
cointegration tests are adopted, then lower power can result. As such, it is possible
that greater support for cointegration will be found when adopting nonlinear tests.
In this regard, a growing number of recent studies document evidence of nonlinear
dynamics in exchange rates (e.g., Taylor and Peel, 2000, Guerra, 2001, Kilian and
Taylor, 2003). Nonlinear dynamics in exchange rate might arise, for example, if
reaction to fundamentals and adjustment depends on the magnitude or sign of the
deviation from the equilibrium. For instance, Taylor and Peel (2000) find evidence
that deviations in exchange rates from the monetary model follow a nonlinear
adjustment process. Although Taylor and Peel (2000) note that a tractable way to
model nonlinear adjustment is to adopt a threshold model, they adopt an
exponential smooth transition autoregressive (ESTAR) model perhaps for
convenience of estimation. While these and other recent papers find greater
support for the monetary model in nonlinear models, these papers do not provide
formal tests for nonlinear cointegration. Analogous to the linear case, if the
variables in a nonlinear monetary model are nonstationary and not cointegrated,
then spurious estimates can result. It remains to be seen whether nonlinear
cointegration holds or not, but this important question was not examined in the

1 Rapach and Wohar (2002) initially consider fourteen countries, but some of the countries contain a
mix of I(0) and I(1) variables that cannot be cointegrated, and in one country, The Netherlands, all of the
variables in the model are I(0) so cointegration tests are not performed for four of these countries.
However, in this paper, we utilize I(0) regressors in our testing scheme rather than discarding them as we
shall see more details shortly. Thus, our procedure permits us to overcome a limitation of Rapach and
Wohar (2002) in this regard.
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lIl. Empirical Results

We now examine the results of testing for threshold cointegration. To be
consistent in our comparisons to the linear tests in RW, we utilize their same unit
root test results and the same long-span data. In the ADL-OLS tests, we determine
the optimal number of lags in the testing regression by employing the Schwarz
information criteria (SIC). In the ADL-IV tests, we jointly determine the optimal
value of m to construct a proper IV (wy) and the optimal number of lags to correct for
serial correlations. We first search for the optimal lag for a given value of m, for m =
1 and maxm, where maxm is given as T°>.  We then determine the optimal value of m
as the value that minimizes the residual sum of squares (RSS) from the regression
using the optimal number of lags.

1. Asymmetric Momentum Threshold Effects

We first examine the ADL-OLS threshold cointegration test results with
asymmetric effects modeled by the change in deviations from the equilibrium in the
monetary model. This is the momentum threshold model, where the speed of
adjustment to the equilibrium will depend on whether the change in the deviation is
above or below the threshold level (It =1 if Aexs 2 tand I = 0 if Aers < 1). To obtain
valid ADL-OLS test results, we will consider only threshold cointegration tests for
the eight countries where e, m*-m, and y*y were each identified as I(1) variables in
RW. The test results are displayed in Table 1. Looking at the results, we observe
that 6 of the 8 countries reject the null of no cointegration in at least one regime
(Belgium, Canada, France, Italy, Spain, and the UK) at the 1% level of significance.
Moreover, in each country, except Spain, the speed of adjustment to the monetary
model equilibrium is fastest when the rate of depreciation is above the threshold
level. Given that the threshold level is close to zero in each case, these findings
suggest that nominal exchange rates adjust more quickly to the equilibrium
predicted by the monetary model when they are depreciating rather than
appreciating. For example, in Canada the estimated persistent parameter when the
change in the deviation from the equilibrium is above the threshold level (in regime
1) is -0.315, which is clearly stationary. In contrast, the estimated persistent
parameter when the change in the deviation from the equilibrium is below the
threshold level (in regime 2) is -0.079, implying that nominal exchange rate behave as
a random walk. While less extreme, the differences in the estimated persistent
parameters are similar in four of the other five countries that reject the null of no
cointegration (Belgium, France, Italy, and the UK). One possible explanation for
these findings could be that policy makers are more likely to intervene in currency
markets when their currency is depreciating than when their currency is

variables should not lead to any serious bias.
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appreciating. This is an example of policy response to different economic
conditions; see also Lee (2006) for the case of Korea regarding fiscal policy response
to economic cycles.

2. Asymmetric Deviation Threshold Effects

We next examine the ADL-OLS threshold cointegration test results with
asymmetric threshold effects modeled by the level of the deviations from the
equilibrium. This is the autoregressive threshold model, where the speed of
adjustment to the equilibrium depends on whether the level of the deviation is above
or below the threshold level (I = 1 if ex1 = t and It = 0 if e.1 < 1). Again, to obtain
valid ADL-OLS test results we will consider only threshold cointegration tests for the
eight countries where e, m*m, and y*y were each identified as I(1) variables in RW.
The test results are displayed in Table 2. Looking at the results, we observe that 4 of
the 8 countries reject the null of no cointegration in at least one regime (Canada, Italy,
Switzerland, and the UK) at the 1% or 5% level of significance. In two of the four
countries (Canada and Italy) that reject the null of no cointegration, the difference in
the adjustment speeds is similar to that in the momentum models of Table 1. In
Canada, the estimated persistent parameter when the deviation from the equilibrium
is above the threshold level (in regime 1) is -0.710 while the estimated persistent
parameter when the deviation is below the threshold level is -0.310. In Italy, the

<Table 2> ADL-OLS Threshold Cointegration Test Results,
I=1lifexr2tandIi=0if er1 <7

Country P1 e Wald threshold | percentile | lag
Australia (1880~1995) 0.019 0.320 14.136 0.404 0.853 0
Belgium (1880~1989 -0.125 | -0.071 11.246 0.165 0.809 1
Canada (1880~1995) -0.710 | -0.310 | 30.634*** -0.038 0.241 1
France (1880~1989) -0.248 | -0.194 18.065 -0.050 0422 1
Italy (1880~1995) -0441 | -0136 | 53.553*** 0.342 0.853 1
Spain (1901~1995) -0.336 | -0.291 21.232 -0.060 0415 1
Switzerland (1880~1995) | -0.317 | -0.317 25.908** -0.054 0.272 1
UK (1880~1995) -0.199 | -0.327 26.999** 0.022 0.466 1

Note: The Wald statistic tests the null hypothesis of no cointegration in two regimes (p1 = p2 =0). All
models include a constant term without trend. Critical values come from Table 1 in Li and Lee
(2008) for the Boswijk version of the ADL-OLS threshold cointegration test with n = 2 conditioning
variables. The percentile threshold value was determined by minimizing the sum of squared
residuals. *, **, and *** denote rejection of the null of no cointegration at the 10%, 5%, and 1% levels
of significance, respectively.
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estimated persistent parameter when the deviation from the equilibrium is above the
threshold level (in regime 1) is -0.441, while the estimated persistent parameter when
the deviation is below the threshold level is -0.136. In the other two countries
(Switzerland and the UK) that reject the null of no cointegration, the results are less
clear. In Switzerland, the adjustment speeds are the same in each regime, while in
the UK the speed of adjustment to the equilibrium is fastest when the deviation from
the equilibrium is below the threshold level rather than above. Given the lack of a
consistent pattern in the estimated threshold values and/or the persistent
parameters in these four countries, it is more difficult to provide a general
explanation using the levels of the deviations from the equilibrium for the threshold
indicator as compared to the results in the momentum models. Overall, we
conclude that momentum threshold models provide the clearest and most intuitive
evidence of nonlinear adjustments in nominal exchange rates to the equilibrium
predicted by the monetary model.

3. Allowing For Stationary Output Deviations

In the two countries where y*y is stationary, while e and m*m are nonstationary
(Finland and Portugal; see RW), RW omit y*y to maintain the validity of their
(linear) cointegration tests. In contrast, rather than omit y*-y from our cointegration
tests we want to include this fundamental variable as a stationary covariate to
increase power. While omitting this stationary variable can be seen as a limitation
of the OLS based cointegration tests, this limitation does not occur in the IV based
tests. In contrast, the test statistic in the ADL-IV threshold cointegration test that we
consider retains an asymptotic standard distribution even when a stationary
covariate is included. Our test results are displayed in Table 3.8 Looking at the
results, we observe that the null of no cointegration is rejected in at least one regime
for Finland at the 5% level of significance. Moreover, it is clear that adjustment to
the equilibrium is faster when the change in the deviation is above the threshold
level (in regime 1) than when the change is below the threshold level (in regime 2).
In particular, the estimated persistent parameter is -0.410 when the change in the
deviation from the equilibrium is above the threshold level. This indicates that the
nominal exchange rate is clearly stationary and supports adjustment to the
equilibrium predicted by the monetary model. However, when the change in the
deviation is below the threshold level, the estimated persistent parameter is 0.05 and
implies that the nominal exchange rate will behave as a random walk. Overall,
including the results for Finland, we can reject the null of no cointegration in the
momentum model in 7 out of 10 countries at the 1% or 5% level of significance. If
we combine these results with those for Switzerland in Table 2, we can reject the null
hypothesis of no cointegration in at least one regime in 8 of 10 countries.

8 We adopt only the momentum threshold model in this case since this model already gave the greatest
number of rejections of the null.
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<Table 3> ADL-IV Threshold Cointegration Test Results
y*-y is treated as I(0), I =1 if Aecs 2t and I = 0 if Aers <7

Country Coeff tADLIV t-stat p1=p, lag m

Finland (1911~1995) pr -041 -1.90** -1.80* 2 7
P2 0.05 0.38

Portugal (1890-1995) pr -0.03 -0.54 -0.80 1 8
P2 0.04 0.59

Note: tapLiv tests the null hypothesis of no cointegration in the regime against the alternative of
cointegration. Asymptotic standard normal critical values are used for the ADL-IV test (-2.326,
—1.645, and -1.282 at the 1%, 5%, and 10% levels of significance, respectively). The value of m in the
ADL-IV test was chosen from the model with the minimum sum of squared residuals. The
percentile threshold value was determined by minimizing the sum of squared residuals. All
models include a constant without trend. t-stat tests the null that p; = p,. * **, and *** denote
rejection of the null of no cointegration at the 10%, 5%, and 1% levels of significance, respectively.

IV. Conclusion

In this paper, we adopt nonlinear threshold cointegration tests to test for
cointegration in the monetary model of exchange rates. While previous researchers
have estimated nonlinear versions of the monetary model, they were unable to test
for cointegration in a nonlinear framework due to nuisance parameter problems in
the existing tests. In this paper, we strive to make a contribution towards filling this
gap in the literature. To compare results, we utilize the same long-span data that
was previously adopted by Rapach and Wohar (2002) to test for linear cointegration
in the monetary model. Given that adopting linear tests can lead to lower power if
the underlying model is nonlinear, we test for nonlinear cointegration to see if
greater support for the monetary model will occur. We first adopt the ADL-OLS
threshold cointegration test developed by Li and Lee (2008) and consider two
different threshold models. Following this, we utilize the ADL-IV threshold
cointegration test developed by Enders, Im, Lee, and Strazicich (2009). The ADL-IV
threshold cointegration test has the distinct advantage that we can include relative
output as a stationary covariate to increase power, while the test statistic maintains a
standard distribution. Overall, we find greater support for cointegration in the
nonlinear framework as compared to the linear cointegration tests in Rapach and
Wohar (2002). Moreover, our findings suggest that adjustment to the long-run
equilibrium predicted by the monetary model is faster when nominal exchange rates
are depreciating as compared to when than appreciating. Finally, our findings
complement the growing number of papers that find greater support for the
monetary model in a nonlinear framework and perhaps help to explain why Meese
(1986), Baillie and Selover (1987), and Sarantis (1994), among others, fail to find
support for cointegration in a linear framework.
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