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PURCHASING POWER PARITY TESTS IN COINTEGRATED PANELS

Peter Pedroni*

Abstract—This paper employs recently developed techniques for testing
hypotheses in cointegrated panels to test the strong version of purchasing
power parity for a panel of post Bretton Woods data. We compare results
using fully modi�ed and dynamic OLS approaches , and strongly reject the
hypothesis . We also introduce a new between-dimensio n dynamic OLS
estimator and �nd that the between-dimensio n FMOLS and DOLS esti-
mates of the long-run deviation from purchasing power parity are larger
than the correspondin g within-dimension estimates. Finally, we attempt to
reconcile these rejections with the mixed �ndings that have been reported
in panel unit root studies.

I. Introduction

ALTHOUGH long-run purchasing power parity (PPP)

has been relatively easy to evidence for exchange rates

that span long periods of time, it has been considerably

more dif�cult to �nd such evidence for the relatively short

spans of data corresponding to the recent �oating exchange

rate period that followed the collapse of the Bretton Woods

system in 1973. Consequently, studies such as Frankel and

Rose (1995), O’Connell (1998), Oh (1996), Papell (1997),

and Wu (1996) examine whether PPP appears to hold under

the recent �oat on the basis of what have been interpreted as

more powerful panel unit root tests of the real exchange

rate. The results have been somewhat mixed, however, and

tend to be sensitive to the inclusion of different subsets of

the panel.

In assessing this evidence, it is important to realize that

panel unit root studies impose a homogeneous unit value for

the implied cointegrating vector between nominal exchange

rates and aggregate price ratios. But many authors have

argued that, although there may be a tendency for these

variables to move together in equilibrium over long periods,

the relationship need not necessarily be one-for-one under

more general interpretations known as “weak” PPP. Exam-

ples of mechanisms that can induce such circumstances

include differences in price indices between countries, mea-

surement errors, transportation costs, and differential pro-

ductivity shocks. In the context of panels, it is quite natural

to imagine that, if these factors play a role in the data, they

are also just as likely to be of varying signi�cance across

differing countries, so that one should therefore be prepared

for the possibility of heterogeneous cointegrating relation-

ships. Consequently, by using the panel cointegration meth-

ods developed in Pedroni (1995) that allow one to test the

null of no cointegration without imposing homogeneity of

the cointegrating vector, studies by Canzoneri, Cumby, and

Diba (1999), Chinn (1997), Obstfeld and Taylor (1996),

Pedroni (1995), and Taylor (1996) all �nd support for this

weaker version of PPP with heterogeneous slope coef�-

cients.

Such results in favor of weak PPP do not contradict the

stronger version per se, but they do suggest an interpretation

for the mixed �ndings in tests of strong PPP based on panel

unit root tests of the real exchange rate. Speci�cally, in the

panel setting, if the maintained hypothesis that the cointe-

grating vector is homogeneous and equal to one for all

countries is violated even for a small subset, because this

mixes a few integrated series in with the majority of sta-

tionary ones, this is likely to lead to an inability to reject the

null of a unit root for the panel. Conversely, because of the

way the null hypothesis is constructed for the panel, a

rejection of the unit root null simply implies that the data

from at least some countries are consistent with PPP. It does

not imply that the data from all countries of the sample are

consistent with PPP, which would appear to be the more

natural way to pose the question.

By contrast, the approach in this paper allows us to

directly test the condition on the cointegrating vector that is

required for strong PPP to hold. Furthermore, it allows us to

pose the null hypothesis in a more natural form, so that we

test whether or not strong PPP holds consistently for all

countries of the panel. By comparing results for individual

countries and the panel as a whole, we �rmly reject the

hypothesis and con�rm that the rejection is not due to only

a few countries, but rather that failure of strong PPP is

pervasive in the post Bretton Woods period.

II. Estimators and Test Statistics for Cointegration

Vectors in Heterogeneous Panels

When applying cointegration tests to long-run hypotheses

such as PPP for aggregate panel data, a primary concern is

to construct the estimators in a way that does not constrain

the transitional dynamics to be similar among different

countries of the panel. Instead, we would like to pool only

the information concerning the long-run hypothesis of in-

terest, and allow the short-run dynamics to be potentially

heterogeneous. This was a central theme for the panel fully

modi�ed OLS tests that were developed in Pedroni (1996).

In particular, Pedroni derived the asymptotic distributions

and studied the small-sample properties of three versions of

such estimators. Two of these—the residual-FM, and the
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adjusted-FM, pooled the data along the within-dimension,

and one of these, the group-FM, pooled the data along the

between-dimension. In a later version of the study, Pedroni

(2000) emphasized the group-FM estimator, and found that,

in contrast to the residual-FM and adjusted-FM test statis-

tics, the group-FM exhibited relatively minor size distor-

tions in small samples.

Kao and Chiang (1997) proposed a parametric DOLS-

based panel estimator pooled along the within-dimension,

and showed that it had the same asymptotic distribution as

the panel FMOLS estimator studied by Pedroni (1996). Kao

and Chiang also studied the small-sample properties of the

panel DOLS t-statistic and compared it to a version of the

adjusted-FM t-statistic that employed a �rst-stage OLS

estimate of the cointegrating vector for the required adjust-

ment term. In a series of Monte Carlo simulations, they

found that the panel DOLS t-statistic had smaller size

distortions than this form of the adjusted-FM t-statistic,

although the distortion in both cases was still relatively

large. More recently, Mark and Sul (1999) proposed a

variation to the panel DOLS estimator and showed that it

somewhat improved the small-sample performance, al-

though even these small-sample size distortions are still

fairly large. In comparing the two, Kao and Chiang’s panel

DOLS estimator can be viewed as a weighted estimator, and

Mark and Sul’s panel DOLS estimator can be viewed as an

unweighted estimator. The asymptotics in all of these stud-

ies were based on sequential limits. By contrast, Phillips and

Moon (1999) developed an asymptotic theory for nonsta-

tionary panels based on joint limits, and were able to show

that a version of the within-dimension panel FMOLS esti-

mator converges jointly in distribution.

In this study, we employ both the within-dimension and

between-dimension panel FMOLS tests from Pedroni

(1996, 2000). We also employ the weighted panel DOLS

estimator from Kao and Chiang (1997) and the unweighted

panel DOLS estimator from Mark and Sul (1999). However,

both of these DOLS estimators are within-dimension esti-

mators. Thus, for comparison with the between-dimension

“group-mean” panel FMOLS estimator, we also introduce

here an analogous between-dimension, group-mean panel

DOLS estimator.

An important advantage of the between-dimension esti-

mators is that the form in which the data is pooled allows for

greater �exibility in the presence of heterogeneity of the

cointegrating vectors. Speci�cally, whereas test statistics

constructed from the within-dimension estimators are de-

signed to test the null hypothesis Ho:b i 5 bo for all i

against the alternative hypothesis HA:b i 5 bA Þ bo where

the value bA is the same for all i, test statistics constructed

from the between-dimension estimators are designed to test

the null hypothesis Ho:b i 5 bo for all i against the

alternative hypothesis HA:b i Þ bo, so that the values for b i

are not constrained to be the same under the alternative

hypothesis. Clearly, this is an important advantage for

applications such as the present one, because there is no

reason to believe that, if the cointegrating slopes are not

equal to one, that they necessarily take on some other

arbitrary common value. Another advantage of the between-

dimension estimators is that the point estimates have a more

useful interpretation in the event that the true cointegrating

vectors are heterogeneous. Speci�cally, point estimates for

the between-dimension estimator can be interpreted as the

mean value for the cointegrating vectors. This is not true for

the within-dimension estimators.

Finally, the test statistics constructed from the group-

mean estimators appear to have another advantage even

under the null hypothesis when the cointegrating vector is

homogeneous. Speci�cally, Pedroni (2000) shows that they

appear to suffer from much lower small-sample size distor-

tion than the within-dimension estimators. A similar analy-

sis of the between-dimension, group-mean panel DOLS that

is introduced here reveals that it also exhibits much less size

distortion relative to the within-dimension panel DOLS

estimators. In the interest of space we do not report these,

and leave a more thorough study of the small-sample

properties for future research.

Because we emphasize here the FM and DOLS between-

dimension estimators, and because the between-dimension

DOLS estimator is new to this paper, we restrict ourselves

here to describing these two estimators and refer the reader

to the original works for the within-dimension estimators.

Thus, consider the regression

s it 5 a i 1 b ip it 1 m it, (1)

where s it is the log bilateral U.S. nominal exchange rate,

p it is the log aggregate price ratio in terms of the CPI

between the two countries, and

s it and p it are cointegrated with slopes b i, which may or

may not be homogeneous across i.

In this case, for strong PPP to hold, we require under the

null hypothesis that Ho:b i 5 1 for all i. Let jit 5 (m̂ it,

Dp it)9 be a stationary vector consisting of the estimated

residuals from the cointegrating regression and the differ-

ences in prices, and let V i [ limT®` E[T21(¥ t51
T jit)

(¥ t51
T j9it)] be the long-run covariance for this vector pro-

cess. This long-run covariance matrix is typically estimated

using any one of a number of HAC estimators, such as the

Newey-West estimator. It can be decomposed as V i 5 V i
o

1 G i 1 G9i, where V i
o is the contemporaneous covariance

and G i is a weighted sum of autocovariances.

Using this notation, we see that, based on Pedroni (1996,

2000), the expression for the between-dimension, group-

mean panel FMOLS estimator is given as
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b̂*GFM 5 N21 O
i51

N S O
t51

T

~pit 2 p# i!
2D

21

3 S O
t51

T

~pit 2 p# i!s*it 2 TĝiD
where

s*it 5 ~s it 2 s# i! 2

V̂21i

V̂22i

Dpit,

ĝi ; Ĝ21i 1 V̂21i
o

2

V̂21i

V̂22i

~Ĝ22i 1 V̂22i
o !.

Because the expression following the summation over the i

is identical to the conventional time series FMOLS estima-

tor, we see that the between-dimension estimator can be

constructed simply as b̂*GFM 5 N21 ¥ i51
N b̂*FM,i, where b̂*FM,i

is the conventional FMOLS estimator, applied to the ith

member of the panel. Likewise, the associated t-statistic for

the between-dimension estimator can be constructed as

tb̂ *GFM
5 N21/ 2 O

i51

N

tb̂ *FM ,i

where

tb̂ *FM,i
5 ~b̂*FM,i 2 bo!S V̂11i

21 O
t51

T

~pit 2 p# i!
2D

1/ 2

.

In similar spirit, a between-dimension, group-mean panel

DOLS estimator can be constructed as follows. First, we

begin by augmenting the cointegrating regression with lead

and lagged differences of the regressor to control for the

endogenous feedback effect. This plays a role that is similar

to the nonparametric correction term for s*it in terms of Dp it

in the FMOLS procedure. Consequently, the DOLS regres-

sion becomes

s it 5 a i 1 b ip it 1 O
k52K i

Ki

gikDp it2k 1 m*it. (2)

From this regression, we construct the group-mean panel

DOLS estimator as

b̂*GD 5 FN21 O
i51

N S O
t51

T

zitz9itD
21

S O
t51

T

zits̃itD G
1

where

z it is the 2(K 1 1) 3 1 vector of regressors zit 5 ( p it 2
p# i, Dp it2K, . . . , Dp it1K),

s̃ it 5 sit 2 s# i, and

the subscript 1 outside the brackets indicates that we are

taking only the �rst element of the vector to obtain the

pooled slope coef�cient.

Again, because the expression following the summation

over the i is identical to the conventional time series DOLS

estimator, we see that the between-dimension estimator can

be constructed simply as b̂*GD 5 N21 ¥ i51
N b̂*D,i, where b̂*D,i

is the conventional DOLS estimator, applied to the ith

member of the panel. Similarly, if we let s i
2 5 limT®`

E[T21(¥ t51
T m̂*it)

2] be the long-run variance of the residuals

from the DOLS regression (which again can be estimated

using standard HAC methods), then the associated t-statistic

for the between-dimension estimator can be constructed as

tb̂ *GD
5 N21/ 2 O

i51

N

tb̂ *D,i

where

tb̂ *D ,i
5 ~b̂*D,i 2 bo!S ŝ i

22 O
t51

T

~pit 2 p# i!
2D

1/ 2

.

III. Results

Results are displayed in table 1. The panel consists of 246

monthly observations of end-of-period nominal bilateral

U.S. dollar exchange rates and aggregate CPI ratios for

twenty countries from the IFS for which the data exists

uninterrupted from June 1973 through November 1993. It is

the same data set that was employed in the empirical

illustration that was provided in Pedroni (1995), which used

the null of no cointegration to test the weak form of PPP.

Consequently, the data has already been tested to con�rm

that, although the unit root null could not be rejected for the

panels of individual variables, the null of no cointegration is

�rmly rejected. Individual FMOLS and DOLS estimates

and t-statistics for Ho:b i 5 1 are reported in the �rst twenty

entries. At the bottom of the table, results are reported for

the panel estimators with and without common time dum-

mies.

The results from both the individual tests and the panel

tests overwhelmingly reject the null hypothesis of strong

PPP. Among the individual country tests, data from fourteen

of the twenty countries produce rejections at the 10% level

for either the FMOLS or DOLS tests, and eight produce

rejections at the 1% level for either test. In most cases, the

results of the FMOLS and DOLS are in agreement. For the

panel tests, all six reported tests reject at the 10% level or
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better, and among these all but the within-dimension panel

DOLS without time dummies reject at the 1% level or

better. Indeed, the unweighted within-dimension t-statistics

are consistently lower than the others. More importantly, it

is interesting to note that between-dimension estimators

consistently produce larger estimates than do the within-

dimension estimators. Because the between-dimension es-

timators produce consistent estimates of the average slope

under the alternative hypothesis that the slopes are different

from one and vary across countries whereas the within-

dimension estimators do not, we take these higher values to

be a more accurate representation of the average long-run

relationship between nominal exchange rates and aggregate

price ratios. Overall, it is interesting to note that the differ-

ences tend to be greater in comparing the within- versus

between-dimensions than comparing the FMOLS versus

DOLS versions.

The techniques employed in this study are based on an

analysis of the cointegrating relationship between s it and p it

for each country. By contrast, they do not address cointe-

grating relationships that may be present for either variable

between countries. In this regard, an important concern is to

make certain that the transformations that are applied in the

averaging across the N dimension do not inadvertently

destroy the cointegrating relationships that are present

among the variables for each country individually, because

this could invalidate the FMOLS and DOLS regressions. An

obvious example can occur when all of the exchange rates

of a sample are targeted relative to each other so that the s it

are each cointegrated to one another. In this case when time

dummies are estimated, which amounts to subtracting out

the average exchange rate value each period, it can be

shown that these demeaned series become stationary and the

cointegrating relationship is destroyed. Although some of

the currencies in this study are targeted relative to each other

for portions of the sample, because others �oat freely,

subtracting out the overall sample mean does not render any

of the series stationary in our case, and we con�rm this

empirically with unit root tests for the demeaned series.1

Another related issue is short-run, cross-sectional depen-

dency. Common time dummies are intended to capture

certain forms of cross-sectional dependency. For example, if

aggregate price ratios tend to be driven by a common

external disturbance (say monetary shocks in the U.S.), the

price ratios will tend to be correlated across countries.

Common time dummies will account for this form of

dependency. On the other hand, there are likely to be other

forms of dependency that time dummies cannot control. In

particular, if there are dynamic feedback effects that exist

between the variables of different countries, these cannot be

controlled for simply by using time dummies. Although a

general solution to the problem is beyond the scope of this

paper,2 it is worthwhile to note that, based on the strong

evidence from the individual country test results, a rela-

tively simple method of inference can be used to infer that

the results in this study are not altered by the likely presence

of such cross-sectional dependencies. To see this, we note

that, according to the Bonferroni inequality constraint, the

marginal signi�cance level, P, for a rejection of the null

hypothesis applied to the panel of N members is such that

P # ¥ i51
N p i, where p i is the marginal signi�cance level of

the tests applied to the individual members of the panel.

Dufour and Torres (1996) recommend using the criteria that

pi 5
P

N
to set the rejection level, in which case we require

p i # 0.005 for any one member of our sample to reject the

null as applied to the panel as a whole at the 10% level. As

Maddala and Wu (1999) point out, this type of test—

although conservative—does not rely on the independence

of the individual tests, and is thus invariant to the presence

1 Another issue is the possibility that the individua l series do not contain
exact unit roots, but rather are stationary with near unit roots. Because this
may occur in some macro series, it will be interesting to know how robust
these methods are to deviations from exact unit roots.

2 Pedroni (1997) proposes a GLS type approach that uses an asymptotic
covariance weighting matrix for semiparametric tests for unit roots and the
null of no cointegration . In principle , a similar approach could be applied
to the FMOLS estimator for suf�ciently long panels.

TABLE 1.—PURCHASING POWER PARITY TESTS

Country FMOLS t-stat DOLS t-stat

UK 0.68 22.59** 0.67 21.91*
Belgium 0.31 21.47 0.23 21.96*

Denmark 1.63 1.83* 1.90 2.85**
France 2.00 4.79** 2.21 8.09**

Germany 0.80 21.37 0.91 20.60
Italy 0.97 20.44 1.08 1.12

Holland 0.69 21.83* 0.66 22.06*
Sweden 1.22 1.13 1.16 0.82

Switz. 1.27 1.87* 1.36 2.25*
Canada 1.44 2.00* 1.43 1.88

Japan 1.79 4.94* 1.75 5.03**
Greece 1.02 0.52 0.99 20.37

Portugal 1.05 1.30 1.09 2.46*
Spain 0.93 20.80 1.02 0.18

Turkey 1.10 6.28** 1.11 5.84**
N. Zealand 1.11 2.19* 1.02 0.61

Chile 1.21 9.97** 1.37 10.95**
Mexico 1.03 2.18* 1.03 3.60**

India 2.12 8.12** 2.06 7.80**
S. Korea 0.93 21.03 0.88 21.46

Panel Results
Without Time Dummies

Within-w 1.05 7.06** 1.06 7.80**
Within-u 1.09 2.77** 1.08 2.20*

Between 1.17 7.87** 1.20 9.54**

With Time Dummies

Within-w 1.10 13.77** 1.07 10.59**

Within-u 1.09 3.60** 1.08 2.79**
Between 1.12 13.02** 1.14 12.76**

t-stats are for Ho : bi 5 1. *,** indicate 10%, 1% rejection levels.

“Within-w” reports Pedroni (1996) weighted within-dimension adjusted-FM and analogous Kao and

Chiang (1997) weighted within-dimension DOLS.

“Within-u” reports Mark and Sul (1999) unweighted within-dimension DOLS and an analogous

unweighted FMOLS.

“Between” reports Pedroni (1996) group-mean panel FMOLS and the group-mean panel DOLS

introduced in this paper.
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of any form of cross sectional dependency. For the normal

distribution, absolute values in excess of 4.0 are suf�cient

for p i # 0.005. In our sample, both the individual FMOLS

and DOLS tests produce �ve such cases, leading us to

conclude that no degree of cross-sectional dependency

would be suf�cient to overturn the rejection of strong PPP.

The overwhelming rejection of the strong PPP hypothesis

that we observe in this study is not dif�cult to reconcile with

the apparently contradictory results that are often found in

panel unit root studies of strong PPP. Raw panel unit root

tests are essentially a test for the null hypothesis that PPP

does not hold in all countries. When this null is rejected, it

merely implies that, at least for some countries, the data is

more consistent with PPP than with the failure of PPP. By

contrast, the tests exploited in this study reverse the null

hypothesis. In this study, when we reject the null hypothesis,

we are effectively rejecting the hypothesis that PPP holds in

the countries of our sample in favor of the likelihood that it

does not for at least some countries. Our analysis of the

individual results furthermore indicates that this failure of

strong PPP is not driven by the data from only a few

countries. Rather, the failure of strong PPP appears to be

pervasive in the post Bretton Woods period.
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